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SUMMARY 

This  research  project  is  aimed  at  development  of  a  concurrent  engineering  system  for 
integrated  product  and  process  development  of  machined  component  designs.  Its  main  purpose 
IS  to  evaluate  the  feasibility  of  implementation  of  a  concurrent  engineering  system  which  provides 
both  honzontal  and  vertical  integration  of  CAD/CAM  systems.  The  research  and  development 
of  this  project  has  been  founded  on  concepts  of  form  features  and  object-oriented  computer 
techniques.  The  R&D  tasks  identified  in  the  research  project  are:  1)  feature  definition  and 
classification,  2)  product  data  representation,  3)  product  information  modeling,  4)  manufacturing 
resources  modeling,  5)  producibility  evaluation,  6)  manufacturing  process  planning,  and  7)  NC 
program  modeling.  Throughout  the  entire  project  period,  industrial  practice  and  standards  have 
been  closely  observed  and  incorporated  in  the  development,  when  applicable. 

The  concurrent  engineering  system,  coded  in  C++,  runs  on  a  Unix  OS  system.  The 
workstations  on  which  the  system  was  tested  are  SUN/SPARC  10  and  DEC  5000/200.  The  third 
party  software  packages  required  to  run  the  system  are  the  VERSANT  object-oriented  database 
management  system  and  the  ACIS  geometric  modeler.  The  database  system  is  used  to  store 
product  and  its  derived  models,  manufacturing  resources  data,  and  manufacturing  planning 
knowledge.  The  geometric  modeler  is  used  to  execute  geometric  computation  at  request  of  the 
product/feature  modeler.  The  concurrence  of  the  following  engineering  activities  has  been  tested: 
product  modeling,  producibility  evaluation,  process  planning,  and  NC  programming. 

This  research  project  has  attracted  numerous  inquiries  from  the  industry  as  well  as  the 
academia.  Research  results  have  been  presented  to  many  companies  such  as  Pratt  and  Whitney, 
or  Motors,  Cognition,  Standard  Technology,  and  the  NCMS.  Research  findings  have  been 
published  in  a  journal  paper  and  several  conference  proceedings.  Three  additional  journal  papers 
are  currently  in  review.  Four  more  journal  papers  are  in  preparation.  The  research  effort  still 
continues  to  transfer  the  research  results  to  the  industry,  universities,  and  other  agencies 
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1.  SYSTEM  OVERVIEW 

The  concurrent  engineering  system  is  configured  in  Figure  1.  Broadly  this  system  consists 

of  two  components:  engineering  data  and  engineering  applications.  The  engineering  data  is 

composed  of  several  data  models  required  to  store  product  and  process  data  created  by  an 

engineenng  application  and  to  support  system-wide  applications.  Engineering  data  of  particular 

interest  to  this  project  are:  1)  manufacturing  resources,  2)  product  definition,  3)  producibility,  4) 

process  plans,  and  5)  NC  programs.  Manufacturing  knowledge  is  also  viewed  as  a  part  of  the 

engineering  data.  A  representation  scheme  has  been  developed  for  each  of  the  above  data  types, 

after  an  in-depth  examination  of  their  potential  applications  and  modeling  techniques.  During 

the  entire  project  period,  these  representation  schemes  were  examined  and  modified  constantly 

as  engineering  applications  were  applied  to  these  models  and  needs  for  improvement  were 
identified. 


A  CSO/Brep  hybrid  and  feature-centered  product  data  representation  scheme  has  been 
developed  to  capture  product  designs.  It  is  considered  innovative  with  its  ability  to  consolidate 
life  cycle  product  data  in  one  model,  capture  both  feature  volume  and  surface,  retain  modeling 
history,  and  suppott  feature  editing  and  modification.  For  process  plans,  an  object-oriented 
representation  scheme  has  been  developed  to  formalize  the  feature-centered  proce.ss  plan.  A 
classification  and  definition  method  for  manufacturing  resource  data  has  been  developed  to 
uniquely  identify,  capture,  and  test  attributes  required  to  support  multiple  engineering 
apphcations.  Manufacturing  knowledge  is  classified  and  organized  according  to  (manufacturing) 
form  feature,  machine,  and  tool  (F/M/T)  types.  In  correspondence  to  each  F/MfT  combination, 
a  manufacturing  knowledge  module  is  constructed  for  mainly  process  planning.  All  engineering 
data  models  are  stored  in  the  VERSANT  object-oriented  database  management  system  A 
manufacturing  resource  manager  has  been  developed  to  facilitate  the  interface  between  the  user 
and  the  system.  It  allows  the  user  to  browse,  add,  delete,  modify,  and  search  the  dahtbase 
Separately,  a  knowledge  manager  has  also  been  created  for  a  similar  puqiose.  It  allows  die  user 
to  modify,  add,  or  delete  manufacturing  knowledge  to/from  the  database  system. 

The  engineering  applications  implemented  in  this  system  are:  1)  product  modeling,  2) 
producibihty  evaluation,  3)  process  planning,  and  4)  NC  programming.  The  product  modeler 
adopts  the  CSG  input  method  and  generates  product  models  according  to  the  proposed  feature- 
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Figure  1:  Concurrent  Engineering  System  Architecture 
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based  product  data  representation  scheme.  It  uses  the  ACIS  geometric  modeler  to  perfomi 

geometric  computation.  The  producibility  evaluator  evaluates  a  product  information  model  in 

two  steps.  In  the  first  step,  a  technical  feasibility  check  is  performed  on  a  pass/fail  basis.  If  it 

IS  passed,  a  producibility  index  is  assessed  for  the  design  in  the  second  step. 

The  process  planner  converts  design  features  from  a  product  model  into  manufacturing 

features  for  machining  operations  and  applies  manufacturing  knowledge  stored  in  the  database 

to  select  a  machine  and  cutting  tool(s)  for  each  manufacturing  feature.  After  a  sufficient  number 

emative  process  plans  are  evaluated,  the  best  plan  is  selected  according  to  a  given  criterion 

and  saved  in  the  database  system  according  to  the  proposed  process  plan  representation  scheme. 

The  NC  programmer  retrieves  a  process  plan  for  manufacturing  feature,  machine,  and  tool  data, 

converts  them  into  required  tool  paths,  and  generate  an  NC  program  for  a  given  machine 
conti'oller. 


The  entire  system  has  been  coded  in  C++  and  runs  on  a  Unix  OS  system.  Currently  it 

reqnues  the  support  of  two  commercial  software  packages:  the  ACIS  geometric  modeler  and  the 

VERSANT  object-oriented  database  management  system.  The  system  has  been  tested  on 

SUN/SPARC  10  and  DEC  5000/200  stations  with  multiple  users  on  the  network  at  remote  sites. 

A  number  of  product  designs  including  the  ANC-IOIM  test  part  have  been  used  to  walk  through 

the  system  and  to  evaluate  its  support  for  creating  an  integrated  and  concurrent  product  and 

process  development  environment.  In  each  walk-through  test,  the  product  modeler  was  activated 

»  mode,  a  product  design.  The  pu^ose  was  to  evaluate  the  efficiency  of  the  proposed  featum- 

ased  product  modeling  approach,  and  its  flexibility  and  dam  consistency  in  featum  editing  and 

pro  net  modiftcanon.  Ate  a  design  was  completed,  the  producibility  evaluator  was  applied  to 

the  product  mode,  to  test  effectiveness  of  die  feature-based  product  mode,  in  support  of 
producibility  evaluation. 

The  process  planner  was  used  to  inBppret  a  product  design  both  before  and  ate  a  product 
design  passed  the  producibility  evaluation  to  measure  the  combined  validity  (and  efficiency)  of 
owledge  base,  the  manufacturing  resource  data,  and  the  product  model  in  support  for 
process  planning.  Modulariaation  of  manufacturing  knowledge  is  a  dime,  result  of  the  efficiency 
evaluauon.  Tbe  NC  program  modeler  was  applied  to  evaluate  the  validity  of  the  proposed 
process  plan  model  to  support  automatic  NC  prograrmuing  and  consequendy  die  validity  of  the 
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proposed  product  model.  The  evaluation  helps  in  improving  the  definition  of  manufacturing 
features  and  island  constraints  in  the  process  plan  model  and  including  more  lower-level 
geometric  data  in  the  product  model.  With  these  tests  and  improvement,  now  the  system  runs 
consistently  and  satisfactorily  for  machined  part  designs  with  up  to  2  and  1/2  D  form  features 
and  for  manufacturing  systems  with  up  to  3-axis  machine  tools. 

The  rest  of  this  report  is  organized  into  10  sections.  The  next  section  is  a  description  of 
the  classification  and  information  definition  of  form  features.  The  third  section  is  a  description 
of  the  classification  and  definition  of  manufacturing  resource  data.  The  four  following  sections 
focus  on  a  description  of  the  four  engineering  applications  implemented  in  this  project.  They  are 
product  modeling,  process  planning,  producibility  evaluation,  and  NC  programming,  respectively. 

The  implementation  of  the  system  is  pre.sented  in  section  8,  followed  by  a  report  on  industrial 
collaboration  in  section  9  and  conclusion  in  section  10. 

2.  FORM  FEATURE  DEFINITION  AND  CLASSIFICAITON 

Based  on  the  conventional  CSG  input  process  adopted  in  this  project,  form  features  are 
defined  as  a  function  of  the  base  part  (S.),  the  creating  solid  primitive  (S,),  the  Boolean  operator 
(B),  the  relative  orientation  of  the  creating  solid  (O,),  and  the  relative  location  of  the  creating 
solid  (4).  A  form  feature  (FF)  thus  can  be  symbolically  expressed  as: 

FF  -  f  (S„  S^,  B,  0„  4). 

The  base  part  (S,)  is  the  first  creating  solid  primitive  in  the  modeling  process.  During 
the  modeling  process,  the  base  part  may  change  in  geometry,  topology,  and  dimensions  due  to 
addition  of  other  fonu  features,  but  the  first  creating  solid  usually  prescribes  the  overall  shape 
of  the  part  design.  The  other  creating  solid  primitives  (S^)  are  also  selected  from  the  same  set 
of  system-defined  primitive  solids  and  add  to  the  current  design  through  a  Boolean  operator. 
These  primitives  typically  have  the  shape  of  a  cylinder,  cuboid,  wedge,  prism,  torus,  and  cone. 
Other  shapes  may  be  added  later  to  customize  the  modeling  system.  The  shape  of  each  creating 
solid  primitive  prescribes  the  overall  shape  of  the  form  feature.  The  Boolean  operator  (B) 
selected  to  perfonu  the  geometric  computation  determines  the  overall  topology  of  the  fonn 
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feature  being  created.  A  valid  union  operation  creates  a  protrusion  feature,  while  a  subtraction 
creates  a  depression.  The  location  of  the  creating  solid  with  respect  to  the  face  on  which  the 
feature  is  located  is  used  to  signify  a  possible  modification  to  the  topology  of  the  form  feature. 
The  onentation  of  a  form  feature  is  defined  by  the  orientation  of  the  creating  solid  with  respect 

to  the  face  on  which  it  is  created.  It  is  considered  in  the  feature  definition  because  it  captures 
some  implication  of  machining  difficulty. 

The  name  of  a  form  feature  is  important  to  human  interpretation  and  thus  the  development 
of  various  manufacturing  applications.  Both  the  feature  classification  and  the  feature  naming 
mechanism  have  been  developed  according  to  the  above  five  factors.  First  of  all,  all  features 
created  on  a  cuboid  base  part  are  categorized  as  prismatic  form  features  in  this  study.  Within 
the  product  domain,  at  the  first  tier  of  feature  classification,  form  features  are  labeled  as  prismatic 
features,  cylindrical  features,  sheet  metal  features,  and  so  on,  depending  on  the  product  domain 
of  interest.  Within  the  domain  of  prismatic  parts,  for  example,  a  form  feature  is  further  classified 
and  named  according  to  the  remaining  four  factors.  In  this  implementation,  each  feature  name 
IS  structured  with  the  following  four  segments  of  information:  1)  the  modifier  of  S^,  2)  the 
general  shape  of  S„  3)  the  relative  orientation  of  S,  on  S„  and  4)  Boolean  operation  &  relative 
locauon  of  S,  on  S..  The  S,  modifier  specifies  a  modification  to  the  face  relationship  on  the  wall 
faces  of  a  form  feature.  It  is  defined  as  either  regular  or  rounded.  The  Sj  general  shape  is 
efined  as  the  shape  of  the  creadng  solid,  which  can  be  cuboid,  cylinder,  cone,  N-sided  prism, 
and  wedge,  etc.  The  relative  orientation  is  either  ID,  2D,  or  3D.  The  Boolean  operation  and 
relative  location  in  combination  define  a  segment  of  a  feature  name  and  can  be  a  boss  if  the 
operator  is  union  or  a  depression  if  it  is  a  subtraction.  In  the  case  of  a  valid  subtraction,  the 
eature  name  is  further  classified  as  through^step,  bli„d_step,  through.slot,  blind  slot 
through  Jole,  or  pocket.  A  pocket  is  defaulted  to  a  blind  Jole,  if  the  S2  is  a  cylinder. 

In  the  domain  of  prismatic  part  designs,  if  a  valid  Boolean  subtraction  operaUon  is 
pe  ormed  to  subtract  a  cylinder  vertically  from  the  top  face  of  a  cuboid  base  part,  the  form 
feature  just  being  created  is  called  a  regular-cylMncal-lD-blM  Hole.  If  the  S,  were  a  cuboid 
with  a  rounded  corner  radius  on  each  corner  between  the  wall  faces  on  the  cuboid,  die  form 
eature  would  be  named  as  — -cnWfD-pocte.  The  feature  naming  smategy  has  been 
eveloped  with  general  use  in  mind,  m  suppon  for  machining  process  planning  was  also  a 
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focus  in  developing  the  naming  mechanism.  However,  its  applicability  to  other  manufacturing 
processes  such  as  casting  and  extrusion  should  be  further  evaluated. 

Similar  to  the  naming  policy,  the  base  part  was  used  as  the  top  tier  identifier  to  classify 
form  features.  The  creating  primitive  (S2)  was  used  as  the  second  tier  classifier.  The  feature 
topology  (its  relative  location  &  the  Boolean  operator)  was  used  as  the  third  tier  classifier.  The 
S2  modifier  and  the  relative  orientation  were  then  applied  as  the  last-tier  classifiers.  Secondary 
form  features  such  as  threads  and  knurls  are  not  defined  in  this  project.  Compound  features  and 

complex  features  are  not  explicitly  captured  either.  The  feature  hierarchy  and  feature  illustrations 
are  presented  in  Appendix  A. 

3.MANUFACTURING  RESOURCE  DATA 

The  modeling  of  manufacturing  resources  data  in  this  project  is  limited  to  general-purpose 
machines,  tools,  fixtures,  and  material  stocks  which  are  used  in  a  typical  machine  shop. 
Machines  are  limited  to  3-axis  NC  and  non-NC  machines  and  are  classified  into  7  general  and 
17  specific  machine  classes.  The  general  classes  are  mill,  turn,  themial,  saw,  drill,  EDM,  and 
grind.  A  rich  set  of  machine  attributes  are  identified  and  attached  to  machines  at  various  class 
levels.  Machine  attributes  typically  describe  machine  capability,  tool  compatibility,  and  fixture 
compatibility.  Cutting  tools  are  classified  at  tool  assembly  level,  assuming  cutting  tools  on  the 
shop  floor  are  as.sembled  and  stored  in  a  tool  crib  or  magazine  ready  for  retrieval.  A  total  of  24 
tool  classes  were  identified  and  structured  to  support  the  above  machine  types.  To  support 
milling  machines,  for  example,  milling  tools  are  classified  into  four  tool  types:  end  mill, 
peripheral  mill,  slot  mill,  and  face  mill.  A  tool  assembly  structure  has  also  been  prepared  for 
each  assembly  type  to  configure  new  tool  assemblies  in  case  that  a  feasible  tool  assembly  is  not 
available.  The  construction  of  tool  assemblies,  however,  is  not  yet  implemented.  If  it  were 
implemented,  the  system  would  first  search  for  a  desired  tool  assembly  in  existence.  When  no 
such  a  tool  assembly  existed,  the  system  would  then  activate  the  construction  program  to  build 
a  new  tool  assembly  for  the  application.  When  a  new  tool  assembly  is  designed,  its  assembly 

instruction  would  be  also  generated  and  sent  to  the  tool  room  to  physically  as,semble  this  new 
tool. 

The  fixtures  for  holding  the  workpiece  a  machine  table  are  limited  to  machine  vi.ses.  No 
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modular  and  custom-made  fixtures  are  modeled  in  this  study.  A  fixture  class  structure  was 
developed  to  specify  the  compatibility  among  these  fixture  components  in  order  to  reflect  their 
full  apphcability  in  practice.  Material  stocks  are  defined  in  terms  of  their  machining  related 
attributes  and  classified  into  sub-classes  according  to  its  sectional  shape  in  order  to  capture  its 
dtmenstons  and  to  facilitate  stock  selection.  Typical  shape  classes  including  square,  octangular 
pentagonal,  hexagonal,  octagonal,  and  cylindrical  are  defined.  The  definition  and  classification 
of  these  manufacturing  resources  are  presented  in  Appendix  B. 


4.  PRODUCT  MODELER 

In  a  typical  feature  modeling  system,  a  product  is  captured  with  a  feature  graph  in  which 
each  node  ts  a  form  feature  and  each  arc  links  a  pair  of  adjacent  features.  Existing  feature 
modehng  systems  have  been  developed  with  emphasis  on  their  efficiency  in  rehieving  and 
mteraogatrng  feature  information.  With  respect  to  feature  recognition  and  feature  editing  support 
owever,  feature  shape  infonnation  and  feature  modeling  history  have  to  he  extracted  direcfly 
rom  a  geometric  model  of  the  underlying  CAD  system.  This  situation  results  in  difficulty  in 
oth  extracttng  font,  features  unambiguousiy  and  editing  a  product  model  at  the  feature  level 
In  thts  project  we  developed  a  CSO/Brep  hybrid  product  data  representation  scheme  and  an 
mnovattve  prcduct/featum  modeling  system  which  captums  both  feature  shape  information  and 
feature  modehng  histoot,  while  retaining  feature  adjacency  relationships. 

Thts  product  modeling  system  contains  a  product  modeler,  a  featum  editor,  a  feature 
exhactor  a  dtmensioning/tolerancing  modeler,  and  feature  rule  manager.  The  product  modeler 

tnvo  es  the  ACIS  to  create  a  product  geomeuic  model  and  to  generate  i. 

moael.  An  input  to  the  product  modeler  is  a  rs  • 

F  moaeier  is  a  CSG  tree.  Dunng  geometric  modeling  the  CSG 

» .. . ,,  ... 

jched  to  thts  B-rep  model  and  a  feature  graph  is  also  constructed.  Form  featums  may  be 

xZ:i::  ^ Ze 

iZr  It  a  T 

be  ,  h  d  ?  '  "  ■“  f—  cannot 

ma  c  e  wit  all  available  feature  rules  in  the  feature  library,  the  extractor  will  organize  the 


7 


fealure  shape  description  into  a  new  feature  rule  and  will  prompt  the  designer  for  a  name.  This 
new  rule  is  then  added  to  the  feature  library  by  the  feature  rule  manager  for  later  use.  In  other 
words,  the  feature  rule  library  grows  as  models  are  added.  A  new  feature  rule  can  be  input 
nianuauy  using  the  feature  rule  manager.  The  feature  rule  manager  is  responsible  for  resolving 
possible  conflicts  and  inconsistencies  among  feature  rules  in  the  feature  library. 

The  feature  editor  provides  a  flexible  way  to  modify  a  product  at  the  feature  level.  The 
feature  editor  is  different  from  a  conventional  geometric  editor  in  that  it  not  only  carries  out 
geometric  modification  of  a  product  design  but  also  handles  the  changes  of  its  features,  feature 
graph,  and  associated  manufacturing  attributes.  To  efficiently  attach  manufacturing  attributes 
such  as  datums,  dimensional  tolerances,  and  geometric  tolerances  to  all  geometric  levels,  the 
dimensioning/tolerancing  modeler  allows  designer  to  click  topological  elements  from  a  product 
on  the  screen  and  attach  desired  manufacturing  data.  Finally  a  graphical  user  interface  (GUI)  is 
provided  for  easy  access  to  the  proposed  feature  modeling  system. 


In  order  to  ensure  feature  rules  to  be  correctly  added  to  the  library,  a  feature  rule  manager 
is  provided  for  the  designer  to  insert,  delete,  and  modify  feature  rules  manually.  It  is  also 
responsible  for  the  resolution  of  possible  conflicts,  inconsistencies,  and  redundancies  that  may 
occur  between  rules  due  to  manual  input.  Conflicts  occur  when  the  same  premises  are  used  to 
match  different  feature  types.  It  happens  due  to  a  failure  in  realizing  that  the  same  premises  have 
already  been  used  to  match  another  feature  type.  Redundancies  mean  that  the  same  rules  have 
been  defined  in  the  feature  library  more  than  once.  An  inconsistent  rule  indicates  a  mismatch 
between  premises  and  their  feature.  For  example,  there  is  an  inconsistency  when  three 
contiguous  faces  have  been  used  to  define  a  feature  called  step  which  consists  of  two 


perpendicular  faces. 


Conflicts  and  redundancies  can  be  avoided  in  the  feature  library  by  checking  a  newly 
added  feature  rule  against  existing  ones.  To  check  consistence  of  a  feature  rule,  two  meta-rules 
are  built  to  filter  newly  created  feature  rules.  The  first  meta-rule  is  the  number  of  logical  faces 
for  a  feature  pattern.  For  instance,  if  a  key  word  step  appears  in  a  feature  name,  this  rule  must 
contain  two  faces.  If  the  key  word  step  is  appears  to  be  accompanied  by  the  key  word  blind, 
this  rule  must  have  three  faces.  If  this  meta-rule  does  not  fit  the  rule  to  be  added,  the  rule 
manager  will  ask  the  user  to  confirm  the  cotreclness  of  this  new  rule  before  storing  it.  Through 
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this  meta-nile,  each  time  a  new  feature  rule  is  to  be  added,  the  rule  manager  will  check  its 
feature  surface  to  ensure  that  all  these  feature  faces  are  in  contact  with  each  other.  The  product 
modeler  is  further  detailed  in  Appendix  C. 


5.  PRODUCIBILITY  EVALUATION 

A  typical  producibility  definition  follows  a  manufacturing  difficulty  or  a  manufacturing 

cost  theme.  The  difficulty  theme  is  followed  in  this  study.  For  component  designs,  there  are  two 

types  of  evaluation  approaches:  qualitative  and  quantitative.  A  qualitative  approach  performs  a 

feasibihty  check  on  a  design.  It  usually  applies  manufacturing  rules  to  a  product  design  and 

evaluates  the  producibility  on  a  pass/fail  basis.  The  amount  of  manufacturing  resourees  required 

and  the  level  of  difficulty  are  not  measured.  This  evaluation  provides  the  designer  a  quick 

overview  of  a  product  design  and  helps  eliminate  undesired  designs  at  the  early  modeling  stage. 

The  technical  feasibility  evaluation  is  usually  conducted  with  in-house  manufacturing  resources 

only,  rather  than  on  an  absolute  basis.  Manufacturing  rules  are  abundant  in  various 

manufacturability  handbooks.  A  quantitative  approach,  on  the  other  hand,  conducts  an  analytic 

study  of  the  design  and  generates  a  numerical  value  to  report  its  producibility.  Usually  it  is 

applied  only  after  the  design  passes  the  feasibility  check.  The  numerical  value  may  be  used  by 

the  designer  to  improve  a  design,  evaluate  alternative  designs,  or  identify  the  best  manufacturing 
process. 

The  producibility  evaluation  is  carried  out  in  two  phases  in  this  implementation.  The  first 
phase  IS  a  qualitaUve  evaluation  of  the  design.  It  checks  the  technical  feasibility  at  part  level  and 
cature  level.  At  part  level,  it  verifies  the  availability  of  the  material  stock  and  check  machine 
and  tool  s  capabihty  of  handling  the  stock  size  and  weight.  At  the  feature  level,  it  verifies  the 
availability  of  feasible  tools  and  machines  for  each  form  feature,  the  interference  between 
features,  and  the  compatibility  of  feasible  machines  and  tools  in  combination.  The  evaluaUon 
O  cutting  tools  IS  focused  on  their  cutting  capability.  TTie  evaluation  of  machines  is  focused  on 
.  e  work  envelop  to  accommodate  the  workpiece.  In  addition  to  machine/tool  compatibility  it 
checks  the  combined  effect  of  machine  and  tool  on  processing  the  workpiece.  For  example’  a 

tool  on  a  machine  may  reduce  the  work  envelop.  Tool  clearance  and  the  ,Mn  ^all  effect  betwe’en 
two  depression  features  are  both  considered. 
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The  second  phase  is  focused  on  an  evaluation  of  the  product  design  with  a  set  of 
producibility  measurements  developed  in  this  study.  The  producibility  index  is  calculated  based 
on  the  compound  effect  of  the  following  four  measurements:  1)  the  ease  of  machining  of  the 
stock  material.  2)  the  ease  of  handling  front  the  stock  size  point  of  view,  3)  the  ease  of  handling 
from  the  stock  weight  point  of  view,  and  4)  form  featum  complexity.  The  ease  of  machining  is 
calculated  with  tile  machinability  index  obtained  from  the  TMEH  machinability  databook.  The 
size  aspect  of  handling  ease  penalizes  only  a  small-sized  design,  leaving  the  weight  factor  to 
capture  the  oversize  issue  because  presumably  the  design  has  passed  the  feasibility  check. 
Similarly,  the  weight  aspect  of  handling  ease  penalizes  only  a  design  with  heavy  weight,  leaving 

the  size  factor  to  capture  the  light  weight  impact,  because  again  the  design  is  assumed  to  have 
passed  the  weight  limit  check. 


At  the  feature  level,  the  system  evaluates  each  form  feature  in  terms  of  its  feature  type, 
feature  orientation,  surface  finish,  and  tolerance.  The  penalty  assessed  for  each  feature  is 
accumulated  into  an  integrated  feature  penalty  index,  converted  into  a  feature  producibility,  and 
then  incorporated  into  the  overall  producibility  index.  All  producibility  indices  are  ranged 
between  0  and  1  for  easy  interpretation.  An  index  value  of  1  implies  no  manufacturing  difficulty. 
An  index  of  0,  on  the  other  hand,  means  that  the  manufacture  of  this  design  is  extremely 
difficult.  The  producibility  evaluator  is  described  in  detail  in  Appendix  D. 


6.  PROCESS  PLANNING 

Process  planning  is  an  engineering  activity  which  translates  a  product  design  into  a 
manufacturing  process.  A  process  plan  usually  details  each  sequenced  operation  required  in  the 
process  and  its  associated  machine  and  tool  on  a  route  sheet.  Some  may  contain  detailed 
machining  parameters,  fixtures,  and  setups.  Often  it  may  be  also  desirable  to  specify  the  shape 
and  dimensions  of  the  material  volume  to  be  removed  at  each  step.  The  process  planner 
developed  in  this  project  generates  a  process  plan  for  a  machined  part  design  in  three  stages.  The 
first  stage  converts  design  form  features  from  a  product  model  into  a  set  of  sequenced  material 
removal  volumes  (MRVs).  The  conversion  of  design  features  into  manufacturing  features  is 
caiiied  out  in  four  steps.  The  first  step  converts  a  design  feature  into  a  temporary  MRV.  The 
second  step  evaluates  the  status  of  each  open  faces  on  each  MRV.  The  tliird  step  refines  each 
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temporary  MRV  into  one  or  multiple  (final)  MRVs  such  that  each  MRV  has  either  no  island  or 
islandCs)  with  the  same  height  as  the  refined  MRVs.  The  fourth  step  sequences  and  groups 
MRVs  into  a  feasible  machining  sequence. 

The  second  stage  searches  for  a  feasible  machine  and  cutting  tool(s)  for  each  of  the 
sequenced  MRV.  To  improve  the  efficiency  of  the  machine  and  tool  selection  process,  a 
feature/machine/tool  table  is  created  for  each  manufacturing  feature  (MRV)  to  record  irs  possibly 
feasrble  machine  and  tool  combination(s).  Corresponding  to  each  feasible  machine  and  tool 
combination,  a  knowledge  module  for  process  planning  has  been  developed  for  selecUng  tool  and 
machine  instances  within  its  class  for  the  given  form  feature.  Each  knowledge  module  defines 
tool  and  machine  specifications  for  this  form  feature  and  its  pre-processing  requirements. 
Therefore  the  search  of  machine  and  tool  for  a  form  feature  may  cause  a  sequence  of  machining 
operations  being  identified  as  its  pre-processing  requirements. 

The  third  stage  searches  and  evaluates  alternative  plans  for  process  planning  opUmization. 
A  new  process  plan  can  be  created  by  using  a  different  MRV  sequence,  selecting  a  different 
machine,  or  using  a  different  tool.  To  improve  the  search  efficiency  and  avoid  redundant  plans 
a  tracking  mechanism  was  implemented  which  keeps  a  record  of  the  search  and  points  to  the 
next.  The  quality  of  a  process  plan  is  evaluated  according  to  the  objective  specified  for  the 
planning  session.  The  final  process  plan  is  organized  into  a  sequence  of  sub-processes,  each  of 
which  IS  accompanied  by  a  workpiece  setup  requirement  and  an  NC  program.  A  subprocess  may 
have  one  or  multiple  operation  clusters.  Each  cluster  is  a  collection  of  the  machining  operations 
required  to  create  a  manufacturing  feature  (i.e.,  an  MRV).  An  operation  is  the  lowest  level 
machining  activity  and  is  qualified  by  the  requirement  of  one  eutting  tool  and  accompanied  with 
an  elemental  MRV.  A  detailed  description  of  the  process  planning  is  provided  in  Appendix  E. 

7.  NC  PROGRAM  MODELING 

NC  program  modeling  prepares  a  set  of  O  codes  required  to  control  a  selected  machine 
for  removing  one  or  multiple  MRVs  from  the  workpiece  in  one  workpiece  setup.  Typically  NC 
programming  is  done  manually  or  more  recently  with  help  of  a  user-interactive  CAM  system 
In  either  case,  die  user  needs  to  describe  the  geometry  and  dimensions  of  the  part  design,  specify 
mac  lining  paiameters,  and  determine  tool  pad,.  The  tool  path  file  is  then  translated  into  0-codes 
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according  to  the  fomiat  specified  in  the  selected  machine  controller.  The  NC  programmer 
implemented  in  this  project  seeks  automatic  translation  from  an  MRV  to  NC  codes  for  a  selected 
machine  controller,  without  manual  input  of  the  above  data.  The  system  first  retrieves  a  proce.ss 
plan  and  identifies  each  subprocess  requiring  an  NC  machine.  The  cutting  tool  and  its  associated 
elemental  MRV  are  identified  to  match  a  canned  cycle.  If  a  canned  cycle  is  found,  the  system 
needs  to  only  prepare  the  required  machining  parameters  for  the  canned  cycle.  In  case  that  the 

MRV  matches  several  canned  cycles,  a  decision  rule  is  applied  to  select  the  most  appropriate 
canned  cycle.  It  often  occurs  in  a  hole-drilling  operation. 

If  there  is  no  match,  which  may  be  typically  the  case,  a  generic  canned  cycle  program  is 
then  used  to  calculate  machining  parameters  and  tool  path,  and  convert  the  cutter  location  file 
into  NC  codes  using  primitive  G  commands  specified  by  each  machine  controller.  After  all 
clusters  in  a  subprocess  are  processed,  the  system  compiles  an  NC  program  for  each  subprocess 
and  attached  to  the  process  plan.  A  set  of  machining  parameters  are  also  extracted  and  saved 
along  with  the  NC  program  to  support  other  engineering  and  evaluation  activities  such  as  cost 
estimation.  The  development  of  NC  programming  is  further  detailed  in  Appendix  F. 

8.  IMPLEMENTATION 

This  concurrent  engineering  system  has  been  coded  in  SUN  C++  version  3.0.1  and  run 
on  SUN/OS  version  4.1.3  on  SUN/SPARC  10/20  stations.  It  requires  the  ACIS  geometric 
modeler  (currently  version  1.5)  and  the  VERSANT  object-oriented  database  management  system 
(currently,  version  3.0.8).  The  ACIS  supports  product  modeling  and  the  VERSANT  stores 
manufacturing  data  and  knowledge.  The  graphic  user  interface  (GUI)  for  product  modeling  was 
developed  with  the  X  Window  11R5  library.  Other  GUIs  including  the  ones  for  process 
planning,  producibility  evaluation,  NC  program  modeling,  manufacturing  knowledge  manager, 
and  the  manufacturing  resources  manager,  were  all  developed  with  the  XVIEW  2.0.  The 
implementation  of  the  product  modeler  and  the  producibility  evaluation  are  presented  in  tlieir 
respective  appendix.  This  section  describe,  from  a  user  point  of  view,  the  implementation  of  the 

process  planner,  the  NC  programmer,  the  manufacturing  resources  manager,  and  the 
manufacturing  knowledge  manager. 
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8.1  Process  Planner 


The  process  planner  converts  design  features  into  material  removal  volumes  (MRVs), 
arranges  the  MRVs  in  a  sequence  feasible  for  machining  operations,  selects  machine  and  tool 
instances  to  process  these  MRVs,  and  identifies  the  optimal  operation  sequence  with  respect  to 
a  given  criterion.  A  graphic  user  interface  (GUI)  developed  in  XVIEW  for  the  process  planner 
IS  shown  in  Figure  2,  which  organizes  various  planning  functions  for  the  planning  system.  Each 
function  button  has  two  operation  modes.  An  inactive  function  button  has  a  dimmer  color  and 
cannot  be  clicked  by  the  user.  Only  active  buttons  are  available  for  activation. 

The  SETUP  button  allows  the  user  to  specify  an  objective  for  this  planning  session.  The 

default  planning  objective  is  minimum  number  of  machine  setups.  On  the  left  margin  of  the 

window,  a  list  box  is  provided  to  list  all  product  designs  in  the  database.  In  this  example,  the 

product  #7  is  selected;  its  header  information  is  displayed  on  the  window.  Once  a  product  design 

is  selected,  the  buttons  NEW  and  RETRIEVE  become  active.  The  command  NEW  generates  a 

new  process  plan;  and  the  command  RETRIEVE  retrieves  all  existing  process  plans  from  the 

database.  If  multiple  plans  exist  for  the  selected  product  design,  an  item  selector  with  an 

increment  and  a  decrement  button  appears  on  the  right  hand  comer  of  the  window.  The  ID  of 

the  current  process  plan  on  display  and  the  total  number  of  process  plans  in  the  database  are  also 

displayed.  The  user  locates  the  desired  process  plan  by  clicking  the  increment  or  decrement 
button. 


Once  a  process  plan  is  selected,  the  buttons  APPROVE,  SAVE  AS,  PRINT,  and  DELETE 
buttons  become  active.  To  approve  a  process  plan,  an  authorization  ID  and  the  passwond  are 
requested  and  verified.  After  verification,  the  approver's  name  and  approval  date  are  stored 
along  with  the  process  plan.  An  approved  plan  can  not  be  re-approved.  The  DELETE  button 
is  provided  to  delete  a  process  plan  from  the  database.  An  approved  plan  can  be  deleted  by  its 
approver  or  a  super  user.  The  PRINT  button  is  provided  to  create  a  hard  copy  of  a  process  plan. 
The  current  plan  can  also  be  saved  into  a  text  file  for  further  reference  by  clicking  the  button 
AS.  The  MRVS  button  allows  the  user  to  bring  up  a  sub-window,  shown  in  Figure  3, 
which  displays  the  details  of  manufacturing  features  (MRVs)  and  related  data.  These  data  were 
g  rated  during  the  first  stage  of  process  planning  and  are  not  persistent  objects.  Therefore  they 
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are  not  stored  in  the  database.  The  QUIT  button  is  provided  to  quit  the  system. 

8.2  The  NC  Program  Modeler 

The  NC  program  modeler  transforms  a  process  plan  into  CNC  codes  according  to  the 
machines  and  tools  specified  in  the  plan.  This  system  interface  provides  five  functional 
commands  for  NC  programming.  The  user  can  retrieve,  create,  edit,  save,  and  print  an  NC 
program.  The  system  requests  the  user  specify  a  product  design  to  retrieve  its  process  plans. 
All  buttons  are  activated  after  a  product  design  is  selected.  If  there  are  multiple  approved  process 
plans  for  a  product  design,  a  plan  selector  with  an  increment  and  a  decrement  button  will  appear 
at  the  right  hand  corner  of  the  main  window.  By  clicking  the  buttons,  the  current  selection  will 
be  displayed  on  tlie  screen.  After  a  plan  is  selected,  NC  codes  are  generated  according  to  the 
operations  specified  in  the  process  plan.  After  NC  codes  are  generated,  the  buttons  EDIT,  SAVE 
AS,  PRINT  and  DELETE  become  active.  By  clicking  the  EDIT  button,  the  editing  mode  is 
activated  for  manual  NC  codes  modifications.  After  editing,  the  system  invokes  an  NC  code 
syntax  verifier  to  check  syntax  errors  in  the  NC  program.  The  SAVE  AS  button  is  activated  to 
save  an  NC  program  and  a  link  is  built  between  the  program  and  the  process  plan.  The  button 
QUIT  is  used  to  quit  an  NC  program  generation  session. 


8.3  The  Manufacturing  Resources  Manager 

The  manufacturing  resources  manager  provides  a  friendly  interface  between  the  user  and 
the  VERSANT  database  management  system  to  control  manufacturing  data  stored  in  the  database 
which  currently  includes  machines,  tools,  fixtures,  and  material  stocks.  This  comprehensive  and 
integrated  database  manager  keeps  these  data  consistent  and  up  to  date;  and  allows  the  user  to 
add,  delete,  browse,  update,  and  print  manufacturing  data  stored  in  the  database.  Figure  4  shows 
the  menu  hierarchy  of  this  manager.  The  button  ADD  is  provided  for  adding  new  data  to  the 
database.  With  ADD  being  activated,  a  sequence  of  menus  will  be  presented  until  it  reaches  the 
target  menu.  A  scroll  bar  is  provided  as  necessary  to  select  a  desired  item  on  the  window. 
Figure  5  shows  a  sub-window  for  updating  a  tool  instance  under  the  class  hierarchy  of 
toollmillTA/Mdrill.  The  user  can  use  the  back  space  bar  to  erase  an  attribute  value  and  re-type 
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.he  new  one.  The  CANCEL  and  CONFIRM  buttons  are  provided  to  cancel  or  conflm,  an  action. 

Similar  to  ADD  and  UPDATE  buttons,  other  commands  including  DELETE,  BROWSE,  and 
PRINT  were  similarly  designed. 


8.4  The  Manufacturing  Knowledge  Base  Manager 

The  manufacturing  knowledge  cuiTently  captured  in  the  system  are: 

*  rules  for  feature  recognition; 

•  rules  for  operation  selection; 

rules  for  machine  and  tool  selection;  and 
rules  for  machining  parameter  selection. 


The  knowledge  base  manager  allows  the  user  to  view,  add,  delete,  modify,  and  print  the 

knowledge.  The  main  window  layout  of  the  manager  is  presented  in  Figum  6.  Shown  on  this 

win  ow  IS  the  F/M/T  table  for  a  manufacturing  feature  called  CONE-THRU-STEP  MRV  To 

aelect  another  F/WT  table,  the  button  "->■  is  provided  on  die  upper  left  comer  of  the  window 

y  clicking  It,  the  system  will  pop  up  a  list  box  with  a  scroll  bar  to  display  all  feanire  types 

currently  supported.  In  the  list  box,  the  currently  selected  feature  name  is  shaded.  To  view  the 

F/M/r  table  for  another  feature,  a  scroll  bar  is  provided  to  move  the  feature  list.  When  the  right 

one  IS  located,  the  left  button  on  the  mouse  can  1.  clicked  to  select  and  the  shade  will  show  on 

.  e  selected  feature  to  confirm.  After  confirmed,  the  display  of  the  F/M/T  table  is  updated  for 
the  newly  selected  feature. 

Only  authorized  users  are  allowed  to  modify  F/M/T  tables.  To  add  a  machine  and  tool 
combinahon  to  the  current  table,  the  cursor  is  used  to  locate  the  appropriate  cell  in  the  table 
^^^..h  a  click  on  the  mouse-s  left  button,  a  check  mark,  -X",  appears  in  the  cell  to  signify  the 
sefeuon.  The  same  procedure  is  applied  to  delete  an  enhy  from  an  F/M/T  «e.  To  make  a 

sT  — -  -  ---  - 

save  all  modifications  into  the  database  The  OTJIt  k,  tt  • 

ts  provided  to  abort  an  editing 
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Each  check  mark  in  an  F/MyT  table  corresponds  to  a  manufacturing  knowledge  module 
in  the  database.  The  structure  of  the  knowledge  modules  is  detailed  in  Appendix  G.  Each 
module  corresponds  to  a  machine  and  tool  class  combination  (COMBO).  Figure  7  shows  the 
attributes  defined  for  the  current  COMBO,  which  includes  the  machine  class  name,  tool  assembly 
class  name,  relative  cost  rank,  flexibility  rank,  surface  finish  range  (the  worst  and  the  best),  and 
tolerance  capability.  These  attributes  are  also  defined  in  Appendix  G.  Only  authorized  users  can 
change  these  attributes.  The  SAVE  button  aUows  changes  to  be  saved  into  the  database 
permanently.  The  Knowledge  Module  button  provides  an  assess  to  the  content  of  each  COMBO’s 
knowledge  module,  which  is  detailed  in  Appendix  G. 

9.  INDUSTRIAL  COLLABORATION 

The  collaboration  with  the  industry  has  been  an  emphasis  during  the  entire  project  period. 
To  solicit  industrial  interest,  this  research  project  was  first  publicized  in  a  PDES/STEP  meeting 
and  an  expression  of  interest  was  received  from  several  companies  including  Lockheed, 
McDonnell  Air,  Concurrent  Engineering,  Pratt  and  Whitney  (P&W),  and  Ford  Motors.  After 
careful  evaluation,  the  last  two  were  selected  as  pilot  sites.  They  were  selected  for  geographic 
proximity  and  product  diversity.  In  the  past  two  years,  several  other  companies  have  also 
expressed  an  interest  in  this  project.  Some  companies  such  as  Texas  Instruments  and  Standard 
Technology  have  sent  representatives  to  visit  FIU  while  others  such  as  Cognition  and  NCMS 
invited  the  principal  investigator  to  make  a  technical  presentation  at  their  facilities.  Several 
academic  institutions  including  the  Penn  State,  Texas  Tech,  and  George  Washington  also 
expressed  an  interest  in  building  their  research  and  development  on  our  research  project. 

In  this  project  period,  a  close  working  relationship  was  established  between  FIU  and  P&W 
at  West  Palm  Beach,  Florida.  There  has  been  frequent  visits  between  these  two  parties.  P&W 
made  its  contribution  to  the  project  by  providing  their  industrial  viewpoint  and  technical 
(manufacturing  and  design)  expertise.  Through  many  presentations  and  demonstrations,  FIU 
made  contribution  to  P&W  by  providing  the  R&D  update,  analysis  of  its  impact  to  the  company, 
and  assessment  of  its  CAD/CAM  systems  in  use.  Even  through  P&W  is  highly  interested  in  this 
project,  many  difficulties  have  been  identified  as  obstacles  to  transferring  R&D  results  from  an 
academic  environment  to  an  industrial  company  such  as  P&W  for  routine  use.  These  difficulties 
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are:  1)  P&W  would  feel  much  more  comfortable  with  a  commercial  package  from  a  company 
which  has  a  1-800  number  for  maintenance  and  other  services,  2)  P&W  does  not  have  the  ACIS 
and  the  VERSANT  packages  which  are  required  to  run  the  current  system  developed  in  this 
project,  3)  there  is  no  data  translator  between  this  system  and  the  CAD  and  CAM  packages 
currently  in  use  at  P&W,  and  4)  P&W  at  West  Palm  Beach,  FL.,  is  not  actively  engaged  in 
production.  Despite  of  the  above  difficulties,  the  plan  for  further  system  testing  and  transferring 
this  system  to  P&W  still  continue,  even  though  the  research  project  expired  last  August.  In  early 
September,  the  FIU  research  team  made  a  one-day  visit  to  P&W  to  collect  manufacturing 

resource  data  and  finalize  the  selection  of  sample  parts  for  a  walk-through  test  and  demonstration 
at  Pratt  &  Whitney  in  this  fall. 

The  FIU  research  team  has  also  established  a  contact  with  investigators  at  NIST  to  test 
this  system  at  the  process  planning  testbed  in  NIST.  In  the  meantime,  the  research  team  has 
constant  contacts  with  engineers  at  Ford  Motors  and  Texas  Instruments.  One  of  the  research 
collaboration  concepts  is  on  producibility  evaluation  in  sheet  metal  application  in  these  two 
companies.  In  addition,  some  universities  would  like  to  use  the  product  modeler  developed  in 
this  project  to  further  their  research  activities  in  process  planning  and  to  use  the  process  planning 
system  to  study  inspection  planning.  The  FIU  research  team  is  therefore  actively  making  the 

system  independent  of  third  party  software  systems  and  moving  this  system  to  a  PC/NT  platform 
to  meet  the  needs  of  these  universities. 

Many  presentations  on  this  research  project  and  demonstration  of  this  system  have  been 
made  at  technical  meetings.  Several  papers  on  this  subject  have  been  included  in  conference 
proceedings.  One  paper  has  appeared  in  a  technical  journal.  Another  paper  has  been  accepted 
by, a  technical  journal.  Three  additional  journal  papers  are  currcntly  in  review.  Four  more 
journal  papers  are  in  preparation.  These  paperc  are  listed  in  Appendix  H. 


10.  CONCLUSION 

The  objective  of  this  research  project  was  to  develop  a  feature-based  system  which 
enables  a  product  to  be  designed  concurrent  by  a  continuous  check  on  its  manufacturability  The 
jecfied  tasks  to  be  addressed  were  identified  as:  1)  to  classify  form  features  on  mechanical  part 
designs  and  to  capture  part  designs  in  an  object-oriented  product  information  model  2)  to 
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develop  a  feature-based  producibility  assessment  model,  3)  to  develop  (or  extend)  a  feature-based 

product  modeltng  system,  and  4)  to  integrate  the  assessment  model  with  the  product  infonnation 

model.  The  goal  of  this  research  project  is  a  methodology  for  developing  a  feature-based  and 

object-oriented  engineering  system  for  eoncunent  product  and  process  design  of  machined 
components. 

All  the  tasks  identified  above  have  been  accomplished  in  this  research  project.  The  goal 
of  establishing  a  methodology  for  developing  a  feature-based  engineering  system  for  concument 
product  and  process  design  has  been  reached.  Several  engineering  application  modules  were 
developed  to  validate  the  cuaent  engineering  environment.  This  research  project  has  made  a 
■significant  contribution  to  the  CAD/CAM  research  community  in  the  areas  of  manufacturing 
resources  modeling,  manufacturing  knowledge  modeling,  form  feature  classification,  product 
modeling,  process  planning,  producibility  evaluation,  and  NC  programming. 

Many  additional  engineering  applications  can  be  built  and  added  to  the  concurrent 
engineering  environment.  Material  flow  simulation  and  production  planning  modules  should  be 
included  to  widen  the  capability  of  this  system.  The  producibility  evaluator  can  be  readily 
extended  to  estimate  product  quality,  manufacturing  cost,  and  production  schedule  compatibility. 
Fixturing  evaluation  in  setup  planning  is  another  area  for  extension.  In  the  current 
implementation,  the  system  only  selects  from  machine  vises  to  verify  setup  feasibility.  No 
modular  fixturing  or  custom-made  fixtures  are  considered.  In  product  modeling,  meta-rules  may 
need  modifications  to  handle  more  complicated  form  features.  The  face  merging  issue  also 
requires  further  study.  The  inclusion  of  non-CSG  operations  such  as  sweeping  in  the  modeler 
is  highly  desirable.  However,  how  to  handle  implicit  feature  volumes  is  a  challenge.  In  process 
planning,  handling  3D  form  features  and  selecting  machine  tools  of  higher  degrees  of 
controllability  are  two  resetuch  issues.  Tiie  detection  of  feature  interference  can  also  be  furtlier 
improved.  The  extension  of  this  system’s  evaluation  and  planning  capability  to  include  other 
manufaeturing  proce.sses  such  as  casting,  welding,  forging,  and  extrusion  is  certainly  a  new 
research  challenge  and  the  extended  re.search  should  be  very  fruitful.  With  this  extension 
accomplished,  a  product  design  could  be  evaluated  for  multiple  manufacturing  processes.  A 
process  plan  which  combines  two  manufacturing  processes  would  also  become  possible.  For 
example,  the  process  planner  would  then  be  able  to  select  a  casting  process  to  create  the  initial 
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part  shape  and  select  a  machining  process  to  meet  its  tolerance  and  surface  finish  requirements. 
The  extension  of  the  product  modeling  system  to  other  types  of  product  designs  such  as 
assembled  products  and  sheet  metal  designs  would  greatly  increase  not  only  the  modeling 
capability  but  also  the  scope  of  downstream  engineering  applications  such  as  process  planning 
and  producibility  evaluation  of  assembly  and  sheet  metal  designs. 
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Appendix  A:  Feature  Definition  and  Classification 
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Figure  A1:  Form  Feature  Classification 
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Figure  A2;  Form  Feature  Classification 
(continued) 
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Figure  A3:  Form  Feature  Classification 
(continued) 
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Figure  A4:  Form  Feature  Classification 
(continued) 


85.  Regijlar_ 

86.  Regular_ 

87.  Regular^ 

88.  Regular. 

89.  Regular. 

90.  Regular. 

91.  RegularJ 

92.  Rounded. 

93.  Rounded 

94.  Rounded 

95.  Rounded 

96.  Rounded 

97.  Rounded 

98.  Rounded 


_P_Round_ 
_P_Round. 
.P^Round. 
_P_Round_ 
_P_Round_ 
-P-.Roynd_ 
.P..Round_ 
_P_Round, 
_P_Round 
_P_Round, 
_P_Round. 
_P_Round, 
_P_Round. 
_P  Round 


_Thfu_Step 

.Blind..Step 

_Thru_S!ot 

_0lind_Slot 

_Thfu_Hole 

.Ricket 

.Boss _ 

_Thru_Step 

_Blind..Step 

_Thru_Stot 

_Blind_Slot 

_Thru_Hole 

^Pocket 

_Boss 


99.  Regglar_Oiamond_Thru_Step 

100.  Regular _Diamond_Blind_$tep  ^ 

101.  Regular  _Diamond_Thfu_Slot 

102.  Regular_Diamond_Blind_Slot 

103.  Regulaf_Oiamond_Thru_Hofe 

104.  Regglar_Diamond_Pocket 

105.  Regglar_Oiamond_Boss 

106.  Rognded_Diamond_Thru_Step 

107.  Rounded_Dlamond_0lind_Step 

108.  flognded_Diamond_Thrg_Slot 

109.  Rounded_Oiamond_Blind_Slot 

110.  Rounded_Diamond_Thru_Hole 

111.  Rounded_Diamond_Pocket 

112.  Rour>ded_Oamond  Boss 


113.  Regular_Tfape2oid_Thrg_Step 

114.  Regular_Trape2oid_Blind_Step 

115.  Regular _Tfape2oid_Thfu_Slot 

116.  Regular_Trape2Oid_0lind_Slot 

117.  Regular_Trape2oidjrhru_Hole 

118.  Regular jrrape2oid_Pocket 

119.  Regulaf_Trape20id_Boss 

120.  Rounded_Trape2oid_Thfu_Step 

121.  Rounded_Trape2oid_Blind_Step 
I  122,  Rounded_Trape2oid_Tbru_Slot 

!  123.  Rounded_Trape2oid_Blind_Slot 

124.  Rounded_TrapB20(d_Thru_Hole 

125.  Roundedjr rapezoid_Pbcket 

126.  RQunded_Trapezoid  Boss 


Figure  A5:  Form  Feature  Classification 
(continued) 
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Figure  A7;  Circular  (CC)  Class  Form  Features 
(Regular, Rounded) 
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Figure  A8:  Elliptical  Cone  (EC)  Class  Form  Features 
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Figure  A9:  Cuboid  Class  Form  Features 
(Regular,  Rounded) 

(29-42) 
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Figure  A10:  Wedged  Class  Form  Features 
(Regular, Rounded) 
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Figure  All:  Elliptical  Class  Form  Features 

(57-63) 
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Figure  A12:  Cylindrical  Class  Form  Features 
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Figure  A13:  N _ Sided  Class  Form  Features 

(Regular,  Rounded) 

(71-84) 
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Figure  A14:  P-Round  Class  Form  Features 
(Regular, Rounded) 
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Figure  A15:  Diamond  Class  Form  Features 
(Regular, Rounded) 
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Figure  A16:  Trapezoid  Class  Form  Features 
(Regular, Rounded) 

(113-126) 
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Appendix  B:  Manufacturing  Resources  Classification 
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Figure  B1:  Raw  Material  Class  Structure 
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Figure  B2:  Machine  Class  Structure 
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Figure  B3:  Machine  Class  Structure 
(continued) 
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Figure  B4:  Machine  Class  Structure 
(continued) 
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Figure  B5:  Machine  Class  Structure 
(continued) 
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Figure  B6:  Machine  Class  Structure 
(continued) 


Figure  B7:  Machine  Class  Structure 
(continued) 
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Figure  B8:  Tool  Class  Structure 
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Figure  B9:  Tool  Class  Structure 
(continued) 
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Figure  B10:  Tool  Class  Structure 
(continued) 
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Figure  B11:  Tool  Class  Structure 
(continued) 
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Figure  B12:  Fixture  Class  Structure 
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Figure  B13:  Fixture  Class  Structure 
(continued) 


Figure  B14:  Fixture  Class  Structure 
(continued) 
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Appendix  C:  Product  Modeler 


1  Modeling  System  Overview 

The  architecture  of  proposed  feature  modeling  system  is  shown  in  Figure  2.  It  contains  a  product 

modeler,  a  feature  editor,  a  feature  extractor,  a  dimensioning/tolerancing  modeler,  and  a  feature 

rule  manager.  The  product  modeler  invokes  ACIS  to  create  a  product  geometric  model  and  to 

generate  its  corresponding  feature  model.  An  input  to  product  modeler  is  a  CSG  tree.  During 

geometric  modeling,  the  CSG  tree  is  evaluated  and  modeled  in  the  B-rep  form  by  the  ACIS 

geometric  modeler.  At  the  same  time,  the  feature  shape  description  related  to  the  primitive  solid 

being  used  in  the  Boolean  operation  is  attached  to  this  B-rep  model  and  feature  graph  is  also 

constructed.  Form  features  may  be  recognized  at  the  modeling  stages  using  the  feature  shape 

description  on  the  B-rep.  The  feature  extractor  matches  a  piece  of  feature  shape  information  with 

feature  patterns  in  the  feature  rule  library.  It  assigns  a  feature  name  to  this  piece  of  feature  shape 

description  if  there  is  a  feature  rule  matching  this  shape  description.  However,  if  a  feature  cannot 

be  matched  with  all  available  feature  rules  in  the  feature  library,  the  extractor  will  organize  the 

feature  shape  description  into  a  new  feature  rule  and  will  prompt  the  designer  to  give  it  a  name. 

This  new  rule  is  then  added  to  the  feature  library  by  the  feature  rule  manager  for  possible  later 

use.  In  other  words,  the  feature  rule  library  grows  with  models  are  added.  A  new  feature  rule 

can  be  also  input  manually  using  the  feature  rule  manager.  The  feature  rule  manager  is  also 

responsible  for  resolving  possible  conflicts  and  inconsistencies  among  feature  rules  in  the  feature 
library. 

The  feature  editor  provides  an  flexible  way  to  modify  a  product  at  the  feature  level.  The 
feature  editor  is  different  from  a  conventional  geometric  editor  in  that  it  not  only  carries  out 
the  geometric  modification  of  a  product  but  also  handles  the  changes  of  its  features,  feature 
graph,  and  associated  manufacturing  attributes.  To  be  able  to  efficiently  attach  manufacturing 
attributes  such  as  datums,  dimensional  tolerances,  and  geometric  tolerances  to  all  geometric 
evels  the  dimensioning/tolerancing  modeler  allows  designer  to  click  topological  elements  from 
a  product  on  the  screen  and  specify  their  desired  manufacturing  data.  Finally,  a  graphical  user 
interface  is  provided  for  easy  access  to  the  proposed  feature  modeling  system. 


2  Feature  Representation 

The  proposed  feature  representation  scheme  defines  a  form  feature  by  both  its  volume  and 
sur  ace.  Each  feature  is  also  specified  with  three  additional  components:  its  net  volume,  the 
creating  solid,  and  the  Boolean  operation.  The  surface  and  the  volume  are  two  versions  of  a 
feature  description.  The  net  volume  Is  the  volume  added  to  or  removed  from  the  product  model 
w  en  creating  a  new  feature.  A  creating  solid  is  a  solid  used  to  create  a  form  feature.  A  Boolean 


1 


Graphical  User  Interface 


Figure  1;  Architecture  of  Proposed  Feature  Modeling  System 


operation  specifies  a  particular  geometric  operation.  Only  addition  and  subtraction  operations 
are  used  to  create  form  features  for  the  proposed  representation  scheme.  The  creating  solid, 
the  Boolean  operation,  and  the  surface  created  by  the  operation  are  viewed  as  the  major  shape 
information  of  the  form  feature,  and  as  such  are  critical  to  feature  recognition. 

Without  loss  of  its  generality,  we  assume  each  Boolean  operation  is  valid.  That  is,  a  valid 
form  feature  is  always  created  when  a  solid  is  added  to  or  subtracted  from  a  product  model.  In 
the  proposed  modeling  approach,  each  Boolean  operation  modifies  an  existing  product  model  in 
its  B-rep  form.  For  example,  existing  faces  may  be  clipped  or  deleted  from  the  product  model, 
or  new  faces  may  be  added  to  the  model.  New  faces  constitute  the  surface  of  the  new  feature.  A 
2-tuple  indexing  system  is  used  to  denote  these  faces  and  its  creating  solid.  Each  creating  solid 
IS  assigned  an  ID  when  it  is  instanced.  This  ID  is  the  first  element  of  the  index.  The  second 
index  element  denotes  the  ID  of  a  physical  face  created  by  this  modeling  operation. 

A  feature  volume  is  a  solid  instanced  by  a  creating  solid.  Its  size  is  evaluated  from  the 
minimum  dimensions  which  enclose  its  corresponding  feature  surface.  The  size  of  a  feature 
volume  is  changed  when  its  surface  is  modified  by  a  new  feature.  In  other  words,  the  feature 
volume  reflects  the  actual  dimensions  of  a  solid  primitive  which  encloses  its  feature  surface.  Each 
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feature  volume  i,  also  spedfied  with  a  position  and  orientation.  In  the  proposed  scheme,  a  feature 
VO  ume  .s  meant  to  support  feature  interaction  checking  and  attribute  attachment.  The  support 
for  feature  edit.ng  comes  from  the  net  volumes  and  the  creating  solids. 

of  t*^”  ?  represented  in  a  B-rep  form  (in  terms 

of  two  sets  boundmg  faces).  One  of  the  sets  consists  of  the  faces  which  are  clipped  from  the 

product  model  by  thts  operation.  The  other  set  consists  of  all  new  faces  created  on  the  product 
el.  The  same  mdexmg  system  is  used  to  name  these  faces.  With  a  Boolean  subtraction 

creatinglia  '  “ 

no  '"w  ''“'“r  The  first  is  to  label  each 

uX  a  Xtr  "JX  ■= 

The  s  r  '>y  “a  operation  is  labeled 

econd  purposes  to  retain  the  result  of  each  modeling  operation  in  a  modeling  history  Net 

m^ead  of  feature  operat.ons.  hVom  this  viewpoint,  the  geometry  and  topology  of  a  net  voXe 

ma.n  unchanged  once  created.  Feature  surfaces  and  feature  volumes,  on  the  other  hanr Zy 
change  as  new  features  are  added  to  the  model.  ’  ^ 

CSG  formT”''"*  presentation  scheme  captures  each  creating  solid  and  Boolean  operation  in  a 
CSG  form  to  support  feature  editing  and  feature  recognition.  Seven  solid  primitives  are  defiTed 
or  t  e  proposed  scheme.  They  are  cuboid,  wedge,  cone,  elliptical  cone,  cylin  r  eltt^ 
cyhnder,  and  swept  polyhedron.  Each  of  these  primitives  is  represented  as  a  polyhed’ron  in  the 
product  model.  A  wedge  has  four  bounding  faces;  a  cuboid  has  six.  The  numL  of  faZ  If  th 

"-XtLZZb^ 

the  intersection  between  the  sL  XL  pir  :*odZ  oT 
information  for  feature  ri:!; r^tZ 

4  shLTatrZraXXtd  mXT  “ZT"  “ 

"it  i:  XaiiL  rr 

-entureisthearXli— 
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Elliptical_Cylinder  Polyhedron 


Figure  2:  Solid  Primitive  Definition 

volume  takes  the  shape  of  the  creating  solid,  its  size  being  calculated  as  the  minimum  dimensions 
required  to  enclose  all  the  faces  on  the  feature  surface.  Note  that  the  feature  surface  may  change 

its  geometry  and  topology.  While  the  feature  volume  may  change  its  dimensions,  the  net  volume 
and  the  creating  solid  remain  unchanged. 

3  Feature  Graph  Representation 

A  feature  graph  is  used  to  capture  the  feature  adjacency  relationship  and  the  modeling  history  of 
a  product  design.  Like  a  typical  feature  graph,  the  proposed  graph  consists  of  nodes  and  directed 
arcs.  Each  node  represents  a  feature.  Each  arc  links  a  pair  of  intersecting  features,  from  one 
created  earlier  to  the  one  created  later.  Each  arc  is  also  designated  as  active  or  inactive  in  order 
to  further  distinguish  between  the  features  which  are  currently  adjacent  and  those  which  used  to 
be  adjacent.  This  feature  graph  is  constructed  as  the  geometric  modeling  proceeds.  This  feature 
graph  and  individual  features  continuously  evolve  as  new  features  are  added  to  the  graph. 

After  each  Boolean  operation,  all  five  elements  of  the  new  form  feature  are  constructed.  The 
adjacency  relationship  between  this  feature  and  other  features  is  established  in  three  steps:  1) 
all  faces  adjacent  to  a  face  of  this  new  feature  are  labeled,  2)  each  solid  ID  corresponding  to  a 
labeled  face  is  then  identified,  and  3)  all  features  corresponding  to  the  solids  identified  in  the 
second  step,  except  the  creating  solid  itself,  are  recognized  as  the  adjacent  features.  Once  an 
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Figure  3;  A  blind_step  Feature  and  its  Components 

^jacency  relationship  is  found,  an  arc  is  added  to  its  adjacent  feature,  pointing  to  the  new 
feature. 

Additional  changes  to  the  feature  graph  and  existing  features  may  occur  with  the  addition 
of  a  new  feature.  Each  new  feature  brings  a  change  to  the  bounding  faces  of  the  product  model. 

e  faces  of  a  feature  may  be  modified  without  changing  its  feature  type,  but  any  deletion  of  its 
aces  may  cause  a  change  in  its  feature  type.  A  modification  to  a  face  (without  deleting  it)  does 
not  cause  any  change  to  any  face  index  of  the  feature  surface  but  may  change  the  dimensions  of 
Its  feature  volume.  When  adding  a  new  feature,  the  volume  of  each  existing  feature  may  remain 
he  same  or  decrease.  When  a  feature  type  is  changed  due  to  a  feature  addition,  the  md.x.. 
of  .ts  feature  surface  are  adjusted  by  deleting  the  one,  whose  corresponding  face,  are  removed 

rom  he  product  model.  While  the  feature  volume  type  always  remains  unchanged,  its  size  is 
re-evaluated  to  just  enclose  the  modified  faces  on  the  feature  surface. 

The  existing  adjacency  relationship  in  a  feature  graph  may  also  be  altered  when  adding  a  new 
eature.  Figure  5  shows  a  sequence  of  changes  to  the  feature  graph  due  to  the  addition  of  new 
features.  Particularly  note  that  the  addition  of  Features  deactivates  the  adjacency  relationship 
between  Raturel  and  Features.  The  solid  arcs  denote  an  active  adjacency  relationship,  and 
dashed  arc  denotes  an  inactive  adjacency  relationship.  With  the  use  of  inactive  arcs  the 
mo  elmg  history  is  maintained  by  capturing  all  deactivated  adjacency  relationships. 

e  deactivated  relationships  are  needed  for  feature  editing  because,  in  order  to  delete  a  form 
ea  ure,  all  of  its  descending  nodes  must  first  be  undone  and  then  sequentially  redone  after  the 
feature  is  deleted.  The  undo  and  redo  steps  are  identified  and  sequenced  by  reversing  each  related 
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Modelling  Sequence _ > 


Figure  4:  Construction  of  a  Feature  Graph 

arc  (directly  or  indirectly),  starting  from  the  affected  node  at  the  bottom  of  the  graph.  Using  the 

adjacency  relat.onsh.p  defined  in  Figure  5(c),  the  deletion  of  Featurel  can  be  correctly  carried 

out  m  the  followng  steps:  1)  undo  Features,  2)  undo  Features,  3)  undo  Featurel,  4)  redo 
Feature2,  and  then  5)  redo  Feature  3. 

Without  inactive  arcs,  feature  editing  may  lead  to  an  unexpected  result.  Figure  6  shows  an 
example  of  this  problem.  Based  on  the  same  feature  graph  as  presented  in  Figure  5(c)  but  without 
he  inactive  arc,  the  procedure  for  the  deletion  of  Featurel  becomes:  1)  undo  Features  2) 
undo  Featurel,  and  3)  redo  Feature  S.  In  this  procedure.  Features  is  not  undone  and  redone 
because  Its  adjacency  relationship  with  Featurel  no  longer  exists.  As  a  result,  the  portion  of 

the  Featurel  s  volume  which  is  enclosed  in  the  FeatureS’s  volume  is  erroneously  added  back 
to  the  product  model  as  shown  in  Figure  6(c). 

Adding  a  new  feature  may  also  cause  deletion  of  an  existing  feature  from  the  product  model 
n  order  to  support  feature  editing,  the  node  of  the  deleted  feature  is  retained  in  the  feature 
graph.  Its  feature  surface  and  feature  volume  are  both  nullified  but  the  other  three  elements  are 
kept  intact.  All  arcs  connected  to  the  nullified  node  are  changed  into  inactive. 


6 


Feature2 


Feature2 


Feature2 


After  undoing  Features  undoing  Featurel  After  redoing  Features 

Figure  5:  A  Feature  Editing  Problem 

4  Feature  Recognition 

Th,s  section  discusses  a  feature  recognitlou  approach  supported  by  the  proposed  representation 
scheme  and  the  management  of  feature  rules. 


4.1  Feature  Recognition  Approach 

The  proposed  feature  recognition  approach  is  based  on  the  assumption  that  each  Boolean  op- 

p  mitive  solid.  Under  this  assumption,  feature  faces  can  be  collected  at  modeling  stages.  They 
fcalure  pat7  '“77  ”7"® 

nre  rfi  d  7  i7  "  “  “cording  to  the  shape  of 

d7ne  a  ;erra::r°“''-  ^  ouboid  solid 

Two  formats  of  feature  recognition  rules  are  developed.  One  format  is  for  cuboid  and  wedge 
soMs  whose  bounding  faces  are  known  before  they  are  instanced.  The  other  is  for  solids  who!e 
bounding  faces  are  determined  when  they  are  instanced.  The  other  five  solid  primitives  as  de- 
ned  above  fall  in  this  category.  In  addition  to  face  patterns,  recognition  rules  also  make  use  of 

iteTt  7Lrg  r  : 

IF  sohdAype  &  face.pattern  &  Boolean.op  THEN  feature.type 

where  so/iitype  is  either  a  cuboid  or  a  wedge;  face.paUem  is  a  subset  of  faces  bounding  a  cuboid 
o  a  wedge;  and  Boolsamop  is  either  a  Boolean  addition  or  a  subtraction.  Applying  t  i  17 
of  rules  to  the  feature  with  hatched  faces  in  Figure  4,  a  feature  rule  that  its  feaZ 
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type  as  blind.step  can  be  explicitly  written  as: 

IF  "Cuboid"  &  {1,  4,  5}  &  THEN  blind^tep 


he  .econd  format  of  feature  recognition  ruler  accepts  the  solids  whose  bounding  faces  are 
undetermmed  until  they  are  instanced.  The  solids  in  this  format  commonly  possess  a  top  face 
and  a  bottom  face.  As  shown  in  Figure  3,  the  top  face  is  marked  as  the  face  0  and  the  bottom 
IS  marked  as  the  face  1.  Thus  the  only  variation  is  in  the  number  of  side  faces.  The  ratio  of 
these  sfoe  faces  on  the  product  model  and  the  total  number  of  side  faces  are  calculated  and  used 
to  partially  determine  the  major  shape  of  the  form  feature.  This  ratio  ranges  from  0  to  1.0.  A 
ratio  of  1.0  means  all  side  faces  are  on  the  product.  With  the  information  on  its  top  and  bottom 
faces,  a  feature  can  be  deduced  as  following;  if  neither  the  top  face  nor  the  bottom  face  is  on  the 
product,  the  operation  creates  a  hole-like  form  feature,  if  the  ratio  is  1;  otherwise,  a  slot-like  or 
a  step-hke  feature  is  created,  depending  on  the  ratio.  If  the  top  face  or  the  bottom  face  is  on  the 
product  model,  the  modeling  operation  created  a  pocket,  a  blindjlot,  or  a  blind.step  feature. 
This  format  of  feature  rules  can  be  generalized  as: 


IF  sohd.type  &  topJace  &  bottom  Jace  &  face^atio  &  Boolean.op  THEN  feature.type 

where  sohd.type  and  Boolean.op  have  the  same  meaning  as  defined  in  the  first  format.  Top.face 
and  hottom.face  take  a  binary  value  of  1  or  0,  indicating  the  existence  of  the  top  face  and  the 
bottom  face  on  the  product.  Four  sample  rules  having  this  format  are  listed.  Their  corresponding 

features  are  shown  in  Figure  7(a)  to  7(d)  with  a  cylinder  solid  and  a  Boolean  subtraction,  where 
e  is  a  variation  allowed  for  a  face  ratio. 

IF  "Cylinder”  &  0  &  0  &  1.0±€  &  THEN  cylindricaLthrough.hole 

IF  "Cylinder”  &  0  &  0  &:  0.5±e  &  THEN  cylindricaLthrough.slot 

IF  "Cylinder”  &0&0&  0.25±e  &  "-”  THEN  cylindricaUhrough.step 
IF  "Cylinder”  &1&0&  0.5±e  &  "-”  THEN  cylindricaLblind.slot 

Feature  recognition  rules  can  be  generated  during  a  modeling  process  or  prepared  manually. 
While  the  recognition  of  form  features  can  be  either  carried  out  at  each  modeling  operation  or 
delayed  until  the  design  is  completed,  all  feature  related  data  are  collected  at  each  modeling 
operation.  Each  feature  component  is  calculated  and  organized  into  a  premise  according  to  one 
of  the  above  two  formats.  If  the  condition  is  matched  with  an  existing  feature  rule,  a  feature  is 
said  to  be  recognized.  If  the  condition  does  not  match  any  existing  rule,  a  request  is  generated  to 
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faco_ratio  =  1 .0 


face_ratio  =  0.5  face_ralio  -  0.25  faca_ratio  =  0.5  &  topjace  =  1 


Figure  6:  Various  Features  Created  by  a  Cylinder 

n^e  this  featye  aad  to  convert  the  condition  into  a  new  mle.  There  are  two  ways  to  associate 
ure  type  to  a  feature  rule  premise.  One  way  is  to  impose  the  naming  responsibility  on  the 
esigner,  who  provides  a  feature  name  for  each  resulting  form  feature  premise  presented  to  him  by 
he  system  Another  way  is  to  update  the  system  by  matching  feature  surfaces  with  pre-defined 
feature  pa  terns.  These  two  approaches  complement  each  other  and  should  both  be  implemented 

but“  r  f  1  7T  - 

ut  may  lead  to  the  inconsistent  naming  of  form  features.  The  second  approach  consistently 

featur:  JaUemr 

ur mg  h,  modeling  process.  Each  time  a  new  feature  is  created  on  the  product  model  its 
a  tacen  features  on  the  product  design  may  be  modihed.  A  feature  extrLor,  therefl^;  L 

This  h  “■'  “<='>  --‘-8  feature  during  the  modeling  step 

T  r/eZ  prr‘”  ““r“‘  z‘‘“‘  — - 

The  modeling  process  may,  however,  be  less  efficient.  One  way  to  improve  the  efficiency  is  to 

edi"::::!:::!:: 


4.2  Feature  Rule  Management 
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another  feature  type.  Redundancies  mean  that  the  same  rules  have  been  defined  in  the  feature 
1  rary  rnore  than  once.  An  inconsistent  rule  indicates  an  mismatch  between  premises  and  their 

eature,  for  example,  when  three  contiguous  faces  have  been  used  to  define  a  feature  step  which 
consists  of  two  perpendicular  faces. 

Conflicts  and  redundancies  can  be  avoided  in  the  feature  library  by  checking  a  newly-added 
eature  rule  with  existing  rules.  To  check  consistence  in  a  feature  rule,  two  meta-rules  are  built 
to  filter  a  new  added  feature  rule.  The  first  meta-rule  is  the  number  of  logical  faces  for  a  feature 
pattern.  For  instance,  if  a  key  word  step  appears  in  a  feature  name,  this  rule  must  be  contains 
two  faces.  If  the  key  word  step  is  appeares  accompanied  by  the  key  word  blind,  this  rule  must 
have  four  faces.  If  this  meta-rule  can  not  fit  the  rule  to  be  added,  the  rule  manager  will  ask  the 
designer  to  confirm  the  correctness  of  this  new  rule  before  storing  it.  The  second  meta-rule  is 
that  a  feature  rule  has  to  be  defined  with  contiguous  faces.  Through  this  meta-rule,  each  time  a 
new  feature  rule  is  to  be  added,  the  rule  manager  will  check  its  feature  surface  to  ensure  that  all 
these  it  feature  faces  are  contacted  each  other. 


5  Dimensions,  Tolerances,  and  Datums 

Dimensions,  tolerances,  and  datums  are  the  major  manufacturing  attributes  assigned  to  a  prod¬ 
uct.  These  attributes  are  essential  to  manufacturing.  A  comprehensive  discussion  on  these  topics 
can  be  found  in  Fleming  [6].  In  this  development,  dimension,  tolerance,  and  datum  representation 
IS  studied  and  implemented  in  the  proposed  feature  modeling  system. 

5.1  Representation  Requirements 

Dimensions  and  Tolerances  include  specifications  of  size,  form,  orientation,  and  position.  Size 
tolerance  is  the  dimension  allowance  of  a  geometric  entity.  Form  tolerances  indicates  a  surface 
variation  limitation  such  as  plane  flatness,  edge  straightness,  cylinder  circularity.  Orientation 
tolerance  includes  parallelism,  perpendicularity,  and  angularity  of  a  geometric  entity.  Finally, 
position  tolerance  is  the  distance  measurement  between  two  entities.  Other  tolerances  are  called 
geometric  tolerance,  except  size  tolerance  which  is  usually  called  dimensional  tolerance.  The  rep¬ 
resentation  of  dimensional  tolerances  is  only  concerned  with  its  feature  volume,  while  geometric 
tolerances  may  concern  topological  elements  at  all  geometric  levels.  For  example,  a  straightness 
tolerance  needs  to  be  specified  with  respect  to  an  edge,  a  flatness  tolerance  attached  to  a  face, 
while  a  position  tolerance  should  be  associated  with  a  feature  volume  and  a  feature  face  if  the 
distance  between  a  cylinder  and  a  face  needs  to  be  specified.  Both  geometric  tolerances  and 
dimensional  tolerances  can  be  captured  in  individual  features  because  all  topological  elements  in 
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a  product  belong  to  one  or  more  features. 

In  addition  to  geometric  and  dimensional  tolerances,  a  datum  system  must  be  be  used  as  the 

st^dtud  reference  to  geometric  tolerances  in  a  product.  A  datum  may  be  a  surface,  a  line,  and 

a  pomt.  It  shou  d  be  captured  in  the  product  node  of  a  feature  graph  so  that  it  is  accessible  to 
all  geometric  tolerances. 


5.2  Representation  Scheme 


e  representatmu  of  geometric  tolerances,  dimensional  tolerances,  and  the  datum  system  are 
pendent  of  each  other  in  the  proposed  feature  modeling  system.  The  date  structure  for 

bject,  cross  reference  pomter  to  its  possible  partner.  The  tolerance  type  is  a  geometric 

tola  ance  n^e  such  as  -flatness”,  "straightness”,  and  "parallelism”.  The  toLance  type  also 

1  flatirs  til  I  F-  “-pie, 

a  ituTl  T",  Tu  “  ‘o'erance  may  need 

olume  al;  t  I'"  a  Lure 

ID  na  ’•  T  '='=  defined  by  the  2-tuple 

ID  nammg  mechan.sm  mtroduced  in  Chapter  4.  To  represent  a  volume,  simply  have  face  ID  be 

farther  Zrrd  I"  I “eeds  to  be 
farther  denoted  by  the  loop  ID  on  this  feature  face  and  its  edge  ID  on  this  loop.  Datums  can 

td  cV  D-mL  t‘t  of  o 

Lull  dhirvTal  ;  ”  u  eorresponding 

formats  for  a  dLensi  TtT  ‘“'e^ce.  However,  the  representation 

“plane”  and  loca L  !  f  nT  “o-  datums  have  type 

position* tLI‘crs‘LllLrillreIy  ‘°o"or 

width,  an:;:::  tair l“  *: ’Zh)  'zrr  t 

because  it  is  not  given  by  the  designer.  ^ 
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Figure  7:  An  Example  of  Dimensions,  Tolerances,  and  Datum  Attachment 

5.3  Validity  Checking 

The  validity  checking  for  datums,  dimensional  and  geometric  tolerances  includes  the  detection 
of  tolerance  redundancies  and  tolerance  violations.  Redundancy  checking  detects  whether  one 
tolerance  or  datum  has  been  specified  twice.  A  datum  location  corresponds  to  a  topological 
element  of  a  product.  This  location  can  only  be  used  as  a  datum  once.  Therefore,  it  is  easy  to 
check  if  the  location  of  a  new  datum  has  been  used  or  not.  The  repeated  use  of  a  topological 
element  as  a  datum  will  be  recognized  as  a  redundant  datum.  For  dimensional  tolerances, 
redundancies  means  that  a  feature  has  been  specified  more  than  one  dimensional  tolerance.  In 
this  case,  the  dimensioning/tolerancing  modeler  will  ask  designer  to  either  chose  one  of  them 
or  modify  an  existing  one.  To  check  if  a  geometric  tolerance  has  been  redundantly  specified  to 
a  product,  tolerance  type,  tolerance  location,  and  even  the  referenced  object  of  this  geometric 
tolerance  should  be  compared  with  existing  geometric  tolerances.  These  components  are  required 
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to  determine  the  uniqueness  of  a  geometric  tolerance.  Similarly,  a  redundant  geometric  tolerance 
IS  also  handled  by  asking  designer  to  either  chose  one  of  them  or  modify  existing  one  by  the 
dimensioning/ tolerancing  modeler. 

Tolerance  violations  indicate  conflicts  of  geometric  tolerance  specifications  in  a  product.  They 
can  be  further  classified  into  physical  violations  and  semantic  violations.  A  physical  violation 
implies  that  a  tolerance  has  been  assigned  to  an  unexisting  topological  element,  an  unexisting 
opo  ogical  element  has  been  used  as  a  referenced  object,  or  both.  It  is  simple  to  examine  whether 

or  not  a  tolerance  to  be  assigned  suffers  from  a  physical  violation.  This  is  done  by  checking  its 
location  and  its  referenced  object  if  it  has  one. 

A  semantic  violation  indicates  a  contradictory  attachment  of  two  geometric  tolerances  to  a 
product.  It  happens  to  a  geometric  tolerance  whose  specification  needs  to  be  completed  with  one 
or  more  referenced  objects.  At  present  time,  the  proposed  feature  modeling  system  supports  ten 
types  o  geometric  tolerance.  They  are:  1)  flatness;  2)  finish;  3)  straightness;  4)  axis  straightness; 

)  circu  an  y,  )  cy  indricity;  7)  angularity;  8)  perpendicularity;  9)  parallelism;  and  10)  position, 
mong  these  geometric  tolerances,  types  1)  -  3)  are  self-referenced  tolerances  (therefore,  there 
IS  no  semantic  violation  happen  to  them),  the  remains  involve  one  or  more  referenced  objects 
either  daturns  or  other  topological  elements  in  the  product  model.  In  regards  to  these  types  of 
geometric  tolerances,  the  dimensioning/tolerancing  modeler  is  able  to  do  the  following  semantic 
violation  checkings:  1)  perpendicularity  and  parallelism  assigned  on  the  same  location  cannot 
have  the  same  referenced  object;  2)  the  location  of  a  flatness  or  a  finish  tolerance  can  only  be 

a  ace,  3  strmghtness  can  only  be  located  on  an  edge;  4)  axis  straightness,  circularity,  and 
ylindncity  tolerances  have  to  be  assigned  to  a  cylinder. 


6  Feature  Editing 


The  proposed  feature  modeling  system  provides  editing  functionalities  at  feature  level  with  fob 

pter  5,  the  proposed  feature  graph  keeps  track  of  the  feature  modeling  history  of  a  product 

s  hfe  cycle  with  both  active  and  inactive  arcs.  This  feature  modeling  history  makes  it  pos 

sible  to  carry  out  all  feature  editing  operations  at  the  feature  level.  Feature  editing  operations 

only  changes  the  geometry  of  a  product  but  aUo  may  affect  the  correctness  of  the  associated 

manu  ac  mmg  attributes.  Therefore,  corresponding  adjustments  to  the  manufacturing  attributes 
are  needed  to  keep  their  manufacturing  meaning.  attributes 
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6.1  Feature  Editing  Operations 


Among  the  six  feature  editing  operations  listed,  undo  and  redo  are  two  most  basic  ones  An 
undo  operatron  simply  undoes  the  last  Boolean  operation  by  removing  corresponding  feature 
node  and  related  arcs  from  the  feature  graph.  This  node,  together  with  its  Boolean  operation 
.s  then  pushed  rnto  a  system-maintained  solid  stack  for  later  possible  “redo”  operation  A  redo 
opemtion  invokes  up  the  primitive  solid  from  the  top  of  solid  stack  if  it  is  not  empty  and  then 
carries  out  its  associated  Boolean  operation.  The  result  of  a  “redo”  operation  will  add  a  new 
feature  to  the  feature  graph.  Notice  that  “redo”  a  primitive  solid  may  not  recover  the  product 
to  Its  original  state  when  this  primitive  solid  is  “undone”  if  it  is  not  “redone”  immediately  after 
corresponded  “undo”  operation.  It  is  possible  that  many  features  could  have  been  added  or 
deleted  betw^n  the  “undo”  and  “redo”  operations.  The  “undo”  operation  is  implemented  by 
re-insertmg  the  net  volume  of  the  undone  feature  into  to  the  product  model,  while  the  “redo” 
operation  is  implemented  on  the  creating  solid  of  the  undone  feature  in  order  to  maintain  a 
correct  feature  interaction  relationship  with  other  features  in  the  product. 

An  insert  operation  add  a  new  feature  into  a  product  by  executing  a  Boolean  operation  on  a 
new  solid  instance.  The  behavior  of  an  insert  operation  is  the  same  as  a  redo  operation  except 
that  It  obtains  the  solid  instance  from  the  designer  instead  of  solid  stack.  A  delete  operation 
allows  the  designer  to  remove  a  feature  other  than  base  part  from  a  product.  It  is  implemented 
with  a  sequence  of  undo  and  redo  operations.  To  finish  a  delete  operation,  all  descending  nodes 
of  the  feature  to  be  deleted  have  to  be  undone  first.  The  feature  is  then  removed  from  the  feature 
graph  but  not  put  back  into  the  solid  stack  (therefore,  it  cannot  be  redone  later).  Finally,  all 

feature  nodes  originally  being  undone  are  redone  in  a  reverse  sequence.  A  delete  operation  is 
discussed  in  Chapter  5. 


A  modify  operation  allows  the  designer  to  change  the  dimensions  of  a  desired  feature  in  the 
feature  graph.  It  also  allows  the  designer  to  translate  and  rotate  the  feature.  The  implementation 
of  a  modify  operation  is  the  same  as  the  delete  operation  except  that  the  feature  to  be  deleted  will 
be  redone  after  its  modification  with  the  modi/j/ operation  rather  then  being  discarded  through 
the  delete  operation.  Finally,  a  replace  operation  lets  the  designer  modify  a  feature  by  changing 
its  creating  solid  and  its  associated  Boolean  operation.  It  will  replace  the  original  feature  with  a 
new  feature  in  the  same  position  as  the  original  one’s.  The  replace  operation  acts  as  in  a  similar 
way  by  earring  out  a  delete  operation  and  then  an  insert  operation.  Unlike  an  insert  operation 
which  will  put  the  newly-added  feature  at  the  end  of  modeling  history,  a  replace  operation  will 

keep  the  original  modeling  history.  The  replace  operation  is  implemented  in  a  way  similar  to 
that  of  a  modify  operation. 
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6.2  Manufacturing  Attribute  Adjustment 

E.ch  of  above  feature  editing  operationa  may  modify  a  feature  graph,  feature  geometry,  fea- 
re  a  jacenj  re  at.onships,  and  feature  manufacturing  attributes.  The  modification  of  feature 
g  ometry  and  feature  adjacency  relationships  have  been  discussed  in  Chapter  6.  The  possible 

^>.e  to  feature  editing  operations  is 

The  feature  manufacturing  attributes,  as  defined  in  the  proposed  feature  modeling  system 
nc  ude  geometnc  tolerances,  dimensional  tolerances,  and  datum  system.  Because  all  thTeT’ 
n  utes  are  located  at  some  topological  element  of  a  product,  modification  to  the  geometry  of  this 
L  '."7  sP'^clfication  of  these  attributes.  The  Mowing  table  summa- 

attrMter  m  manufacturing 

1  V  be  r^oda  d?  r  corresponding  row 

may  be  modified  by  the  operation  in  the  corresponding  column. 


undo 

redo 

insert 

delete 

modify 

replace 

Datum 

X 

X 

X 

X 

X 

Dimensional  Tolerance 

X 

X 

^X 

X 

X 

Geometric  Tolerance 

X 

X 

X 

X 

X 

X 

d  association  with  a  topological  element  of 

a  produtt  A  Z  ‘°P°''’*-al  elements  directly  Lm 

inr  rr'rr"; 

because  of  its  unique  connection  with  its  feature  JlmTrneTds  ^7he 

:£S9EE{"rf~ 

r;  “.s-i— ■ 

ance  should  be  removed  from  both  Us  o^  1“°  t 

operation  to  a  feature  mayra^ sTme  ‘rr'  Tl'  ^ 

no  longer  perpendic^a  t  '  In“  le  7"? 

in  this  case,  the  perpendicularity  tolerance  needs  to  be  removed 


15 


from  this  face.  Finally,  some  feature  faces  may  disappear  during  a  feature  editing  operation.  If 
so,  the  tolerances  on  these  faces  needed  to  be  examined  and  even  removed. 


7  Object-Oriented  Implementation 

The  proposed  feature  modeling  system  has  been  implemented  using  the  geometric  modeler  ACIS 
and  VERSANT  object-oriented  database  system  in  C+-f .  The  system  runs  on  a  Sun  Sparc-10 
station  under  UNIX  and  X  Window  environments.  In  the  following  subsections,  implementation 
issues  of  the  system  will  be  discussed  such  as  object-oriented  representation  of  feature  model, 
main  class  definitions,  and  graphical  user  interface. 


7.1  Object-Oriented  Representation  of  Feature  Model 

In  the  view  point  of  object-oriented  analysis,  a  system  can  described  with  objects  and  messages. 
Objects  define  the  states  and  behaviors  of  system  components  and  messages  define  the  interaction 
among  objects.  Every  object  may  contain  a  set  of  attributes  which  define  its  states  and/or  a 
set  of  methods  which  are  able  to  change  its  states.  The  methods  of  an  object  are  invoked  by  a 
message  passing  from  the  outside  or  inside.  Messages  cause  objects  to  communicate  with  each 
other  and  therefore  change  the  system’s  behavior.  Objects  are  described  by  classes. 
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Part 


Figure  8;  System  Classes  Hierarchy 

With  this  concept,  the  design  of  the  proposed  feature  modeling  system  is  initiated  by  defining 
Its  objects  and  messages.  The  core  class  is,  of  cause,  “feature”.  As  mentioned  in  Chapter 
4,  the  mam  feature  attributes  include  1)  feature  surface;  2)  feature  volume;  3)  net  volume; 
and  4)  creating  solid.  Beside  these  basic  attributes,  each  feature  should  also  contain  attribute 
branches  which  link  the  feature  to  its  adjacent  features  and  attribute  tolerances  which  associate 
manufacturing  specifications  with  this  feature.  Additionally,  a  part  object  is  required  to  capture 
a  ministrate  data  to  the  product  and  datum  system  above  the  feature  level.  These  objects  can  be 
attracted  into  nine  classes,  each  of  them  capturing  all  objects  that  have  the  same  behavior,  using 
object-oriented  analysis  techniques.  These  nine  classes  are:  Part,  Feature,  FeatureSurface 
FeatureVolume,  NetVolume,  Primitive,  Branch,  Tolerance  and  Datum.  The  hierarchy 
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of  these  classes  is  shown  in  Figure  9.  Figure  10  shows  their  definition.  In  Figure  9,  each  class  is 
represented  by  a  box.  The  class  name  is  at  the  top  cell  of  the  box.  The  middle  cell  contains  the 
attributes  while  methods  are  in  the  bottom  cell.  The  relationships  between  classes  are  managed 

by  edges  with  either  a  half-circle  or  a  triangle.  The  half-circle  edge  represents  is-a  relationship 
and  triangle  edge  captures  has-a  relationship. 

As  shown  in  Figure  9,  a  Part  object  has  one  or  more  Feature  objects  which  consist  of  the 
feature  graph.  It  also  has  a  list  of  Primitive  objects  which  are  the  primitive  solids  used  to 
create  this  part  model.  Also  included  in  this  Part  object  is  a  list  of  Datum  objects  which  define 
the  datum  system  of  this  part.  The  relationships  are  shown  in  by  three  triangle  edges  from  the 
class  Part  to  the  classes  Feature,  Primitive,  and  Datum,  respectively.  A  Feature  object  has 
a  FeatureSurface  object,  a  FeatureVolume  object,  and  a  NetVolume  object.  These  three 
components  define  the  geometry  of  this  feature.  It  also  has  two  set  of  Branch  objects  which 
respectively  link  its  parent  adjacent  features  and  child  adjacent  features.  In  additionally,  it  has  a 
list  of  Tolerance  objects  each  of  which  is  either  a  geometric  tolerance  or  a  dimensional  tolerance. 
The  relationships  between  these  five  classes  and  class  Feature  are  all  maintained  by  has-a  edges. 
The  class  Tolerance  is  defined  as  an  abstract  class.  The  objects  of  class  Tolerance  are  either  an 
object  of  its  subclass  GeometricTolerance  or  an  object  of  subclass  DimensionalTolerance. 
All  product  information  can  be  captured  concisely  and  comprehensively  in  this  simple  object- 
oriented  representation  scheme. 

7.2  Class  Definition 

The  attributes  and  methods  of  each  above  class  are  listed  in  Figure  10(a)  through  (i).  In  this 
subsection,  the  meaning  of  each  of  these  attributes  and  the  behavior  of  methods  is  explained. 

As  shown  in  Figure  10(a),  the  class  Part  includes  the  attributes  partJd,  partmame,  part-version, 
base_part_shape,  material-type,  bounding-box,  AISLSAE-code,  designer,  design-date,  feature-root, 
primitives,  and  datum.  Among  these  attributes,  the  base-part-shape  tells  the  shape  of  stock,  the 
bounding  box  specifies  the  minimum  dimensions  of  the  finished  product,  and  AISLSAE-Code  is 
a  standard  material  code.  The  feature-root  is  pointer  to  the  root  of  the  feature  graph  of  defined 
part,  an  instance  of  class  Feature.  The  datum  is  a  pointer  to  a  list  of  datums  which  are  instances 
of  class  Datum.  Finally,  primitives  is  the  pointer  to  a  list  of  primitive  solids  that  have  been 
used  in  the  creation  of  this  part.  These  primitive  solids  are  instance  of  class  Primitive. 

Main  methods  associated  with  the  class  Part,  except  inquiring  methods,  are  create.featureQ 
and  link.feature(J.  The  method  create.feature()  creates  the  geometry  of  a  new  feature  by  applying 
a  Boolean  operation  between  a  primitive  solid  and  this  part  object.  It  then  calls  methods  in  class 
the  feature  to  generate  feature  surface,  feature  volume,  and  net  volume,  while  the  function 
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linkJeatureQ  adds  this  newly-created  feature  to  the  feature  graph  by  according  to  their  face 
adjacent  relationships  with  other  existing  features.  The  feature  graph  is  updated  by  adding 
this  new  feature  as  the  child  of  all  its  adjacent  existing  features  through  the  instances  of  class 
Branch.  The  link-featureQ  function  checks  if  all  these  adjacent  feature  are  still  actively  linked  to 
their  original  neighbors  after  this  new  feature  is  added.  Meanwhile,  it  also  examines  the  feature 
volume  of  the  adjacent  features  and  adjusts  the  dimensions  of  these  feature  volumes.  Finally  it 
also  checks  the  feature  type  of  all  the  adjacent  features  and  renames  them  if  necessary. 


Part 

Feature 

part^id 

part_nan»e 

P*rt_ver8ion 

ba8e_part_8hap€ 

»aterial_type 

AISI_SAE_code 

designer 
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Figure  9:  Classes  Definitions 

The  class  Feature  shown  in  Figure  10(b)  defines  all  nodes  of  the  feature  graph.  It  cap¬ 
ture  the  attributes  featureJd,  feature.type,  and  feature.orientation.  Other  attributes  include 
corresponding  feature.surface,  feature.volume,  net.volume,  creating_solid,  children,  parent,  and 
tolerances.  Feature_id  is  the  unique  identification  of  this  feature  in  the  part.  It  is  the  same  as 
the  instance  ID  mentioned  in  Chapter  4.  Feature_orientation  is  the  major  direction  of  this  form 
featme.  It  is  the  normal  of  face  0  on  the  bounding  shell  of  its  creating  solid  as  shown  in  Figure 
3.  Ihe  feature_surface,  feature.volume,  net.volume,  and  creating.solid  are  pointers  to  the  object 
of  FeatureSurface,  Feature  Volume,  Net  Volume,  and  Primitive,  respectively.  Parent  and 
children  are  two  lists  of  pointers  pointing  to  the  objects  of  Branch,  which  capture  its  adjacent  fea¬ 
tures  that  were  created  earlier  or  later,  respectively.  The  attribute  tolerances  is  a  list  of  pointers 
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pointing  to  objects  of  either  the  objects  of  GeometricalTolerance  or  DimensionalTolerance. 
Main  methods  defined  in  this  class  include  create-featuresurfaceQ,  create.feature-VolumeO, 
ture.volume.adjustQ,  and  feature.recognitionQ.  The  first  three  methods  are  invoked  each  time 
a  new  form  feature  is  created.  These  methods  create  a  feature  volume,  a  feature  surface,  and  a 
net  volume  according  to  the  newly-created  geometry.  The  methods  feature.volume.adjust()  and 
feature.recognitionQ  function  may  be  called  frequently  each  time  this  form  feature  has  changed 
its  geometry.  The  former  one  makes  sure  that  the  feature  volume  keeps  correct  dimension  and 
the  later  one  ensures  that  this  feature  is  correctly  named.  Through  the  method  addJoleranceQ,  a 
dimensional  tolerance  or  a  geometric  tolerance  can  be  attached  to  the  geometry  of  this  feature  at 
all  levels.  During  the  addition  of  tolerances,  the  tolerance  validity  checking  discussed  in  Chapter 
7  will  be  executed  simultaneously. 

Feature  components  are  captured  by  the  classes  FeatureSurface,  NetVolume,  Primitive, 
and  Feature  Volume.  These  classes  are  shown  in  Figure  10(c),  10(d),  10(e),  and  10(f).  The 
class  FeatureSurface  contains  a  set  of  face  ids  which  identify  this  feature  faces  on  the  product. 
The  class  NetVolume  includes  the  attribute  net_body,  which  is  a  pointer  to  the  B-rep  which 
models  the  net  volume  of  this  feature.  The  B-rep  is  actually  represented  by  an  ACIS  BODY.  The 
class  Primitive  maintains  all  attributes  required  to  represent  a  creating  solid.  These  attributes 
include  solid,  solid_type,  location,  axis,  and  angle.  The  attribute  solid  is  one  of  the  primitive  solids 
defined  in  Chapter  4.  Its  dimension  is  represented  depending  on  its  solid-type.  For  example,  the 
dimension  of  a  block  is  represented  by  its  width,  height,  and  length,  while  a  cylinder  is  described 
by  its  radius  and  height.  Attribute  location  defines  translation  parameters.  The  axis  defines  the 
axis  along  which  the  creating  solid  will  be  rotated  by  the  magnitude  given  by  the  attribute  angle. 
The  class  Feature  Volume,  as  shown  in  Figure  10(f),  is  defined  subclass  of  the  class  Primtive, 
so  It  will  inherit  all  attributes  from  the  class  Primitive.  The  reason  why  a  new  class  is  defined 
IS  that  the  attributes  in  the  class  Primitive  will  be  used  in  a  different  way  different  from  that 
m  the  the  class  Feature  Volume.  In  the  class  Feature  Volume,  the  attribute  location  will  be 
used  to  capture  the  center  point  of  the  feature  volume.  The  attribute  axis  is  used  to  store  the 
orientation  of  the  feature  volume,  while  the  attribute  angle  is  not  used. 

The  class  Feature  shown  in  Figure  10(b)  defines  all  nodes  of  a  feature  graph.  It  captures 
attributes  of  featureud,  feature-type,  and  feature_orientation.  Other  attributes  include  corre¬ 
sponding  feature-surface,  feature-volume,  net.volume,  creating-solid,  children,  parent,  and  Fig¬ 
ure  10(g)  shows  the  definition  of  class  Branch.  In  this  class,  two  attributes  are  defined  as  feature 
and  state.  The  attribute  feature  is  a  pointer  pointing  to  a  Feature  object.  While  attribute  state 
denotes  an  active  connection  or  inactive  connection  to  this  feature.  In  a  feature  graph,  the  ac¬ 
tive  branches  capture  feature  adjacency  relationships  between  features,  while  inactive  branches, 
toget  er  with  active  branches,  keep  track  of  feature  modeling  history.  The  class  Datum  is  il- 
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lustrated  in  Figure  10(h).  Attributes  associated  with  this  class  are  datum  jd,  featureJd,  and 
facejd.  Datumjd  is  a  denoted  by  a  single  capital  letter  'A’,  ’B’ .  Datum  location  is  defined 

by  featurejd  and  faceJd.  At  present  time,  both  datum  and  geometric  tolerance  locations  are 
limited  to  a  volume  or  a  face. 

^  The  last  class  is  Tolerance.  As  shown  in  Figure  10(i),  it  has  two  subclasses;  Geomet- 
ricTolerance  and  DimensionalTolerance.  The  class  Tolerance  is  defined  as  an  abstract 
class.  The  objects  of  all  its  subclasses  can  be  uniformly  called  instances  of  class  Tolerance. 
The  attribute  defined  in  class  Tolerance  is  tolerance.group,  which  distinguishes  an  object  of 
subclass  GeometricTolerance  from  an  object  of  DimensionalTolerance.  The  attributes  de¬ 
fined  in  the  class  GeometricTolerance  are  tolerance.type,  tolerance.value,  toleranceJocation. 
reference,  and  size Jimit.  Among  these  attributes,  toleranceJocation  is  either  a  volume  or  a  face, 
and  reference  is  a  list  of  pointers  pointing  to  Datum  objects  or  other  locations  (volume  or  face). 
The  attribute  in  the  class  DimensionalTolerance  is  a  value  kept  in  a  four  dimension  array. 

Based  on  the  primitive  solids  defined  in  Chapter  4,  only  four  parameters  at  most  are  needed  to 
define  a  primitive  solid. 

7,3  Graphical  User  Interface 

A  graphical  user  interface  (GUI)  has  been  developed  to  provide  a  friendly  interface  to  our  pro¬ 
posed  feature  modeling  system.  As  shown  in  Figure  11,  this  GUI  is  written  based  on  a  small 
set  of  GUI  utilities  which  are  developed  with  Xll  library  and  C++.  The  GUI  utilities  contain 
various  buttons,  menus,  message  boxes,  dialog  boxes,  and  a  view  port.  Buttons  consist  of  push 
button,  check  button,  and  radio  button.  A  push  button  sends  an  ON  message  to  controller  when 
it  IS  clicked  and  released.  The  check  button  and  radio  button  act  the  same  as  a  push  button  but 
are  usually  used  in  conjunction.  For  a  group  of  check  buttons,  only  one  of  them  can  be  set  up 
at  a  time.  In  the  case  of  radio  buttons,  several  buttons  can  be  set  up  at  the  same  time.  The 
menu  may  either  be  a  pulldown  menu,  a  cascade  menu,  a  popup  menu,  or  a  menu  bar.  Both 
the  pulldown  menu  and  cascade  menu  pop  up  one  or  more  submenus  under  current  menu  or  to 
the  right  side  of  current  menu,  respectively.  The  popup  menu  pops  up  a  dialog  box,  while  the 
menu  bar  arranges  several  menus  in  a  row  or  in  a  column.  Both  buttons  and  menus  can  be 
customized  with  either  text,  icons  or  both.  The  message  box  pops  up  a  window  with  messages. 
It  disappears  after  a  confirm  command  is  issued.  The  dialog  box  could  be  a  confirm  box  or  a 
text  dialog  box.  The  confirm  box  contains  a  short  message  with  “OK”  and  “Cancel”  buttons. 
This  message  is  confirmed  if  the  “OK”  button  is  clicked.  Otherwise  “Cancel”  button  should  be 
selected.  The  text  dialog  box  is  a  pop  up  window  with  one  or  more  string  editors,  an  “OK” 
button,  and  an  “Cancel”  button.  The  string  editor(s)  pass  user  input  to  system  after  the  “OK” 
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button  is  clicked.  Finally,  the  view  port  window  is  a  canvas  on  which  various  drawings  may 
be  displayed.  The  visible  portion  of  a  view  port  is  surrounded  by  a  frame.  This  frame  can  be 
moved  on  the  canvas  so  that  all  canvas  can  be  viewed.  The  drawing  on  the  canvas  can  be  scaled 
by  enlarging  it  or  reducing  it.  It  can  also  be  viewed  from  different  perspective  or  orthogonal 
viewpoints.  All  these  controls  are  shown  in  the  Figure  11  at  the  lower  portion  in  the  column  of 
the  interface.  The  circles  in  that  portion  stand  for  the  hemispheres  at  the  up  half-space  of  the 
plane  XOY  and  the  low  half-space,  respectively.  The  icon  buttons  in  the  higher  portion  of  the 
column  are  the  primitive  solids  defined  in  the  system.  When  any  of  these  buttons  is  clicked,  an 
instance  of  the  primitive  solid  is  created  and  ready  to  be  used  to  model  a  product. 


Figure  10:  Graphical  User  Interface  of  Feature  Modeling  System 


igure  12  illustrates  all  menus  in  the  row  menu  bar  shown  in  Figure  11.  There  are  eight 
mam  menus  defined.  They  are  File,  Add,  Sub,  Edit,  Feature,  Product,  Tolerance,  and  Display. 

I  e  has  five  submenus:  New,  Load,  Delete,  Save,  and  Quit.  They  are  respectively  used  to  create 
a  new  product  from  a  CSG  data  file,  load  a  product  from  the  shared  database,  delete  current 
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product  from  shared  database,  persistently  store  the  current  product  into  the  shared  database 

and  qmt  from  the  feature  modeling  system.  The  menus  add  and  sui  carry  out  a  Boolean  additiorj 

and  a  Boolean  subtraction  operation  between  an  instance  of  primitive  solid  and  current  product 

Under  menu  Edit,  submenus  Undo,  Redo,  Insert,  Delete,  Replace,  and  Modify  are  defined.  These 

menus  invoke  a  feature  editing  operation  on  an  active  form  feature  which  is  clicked  from  the 
current  product. 


The  menu  Feature  has  two  attributes  which  are  Attributes  and  Modify.  The  former  one 
displays  the  attributes  of  a  currently  active  feature  and  while  the  latter  allows  the  designer  to 
modify  feature  attributes.  An  example  of  feature  attributes  for  the  feature  step  is  shown  in  the 
window  named  “Feature  Information”  in  Figure  13.  The  menu  Product  has  another  submenu 
called  Feature  Graph,  plus  submenus  Attributes  and  Modify,  which  are  the  same  as  the  ones  in 
Feature  (an  example  of  product  attributes  is  shown  in  Figure  11).  Clicking  on  these  submenus 
will  pop  up  a  sub-window  which  shows  the  feature  graph  of  the  current  product.  The  detailed 
information  about  individual  features  can  be  accessed  by  clicking  feature  nodes  in  the  feature 
graph,  as  illustrated  in  Figure  13. 

The  menu  Tolerance  contains  submenus  Datum,  Dimension,  and  Geometry.  The  first  one 
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Figure  12:  Feature  Graph  and  Feature  Information  Shown  on  GUI 


al  ows  th.  designer  to  assign  a  datum  to  a  sekoted  topological  element  such  as  a  face  or  a 
volume  from  the  product  shown  on  the  screen.  The  second  one  specifies  a  dimensional  tolerance 
o  the  currently  active  form  feature.  The  third  one  is  used  to  specify  various  geometric  tolerances 
o  currmt  product.  The  available  geometrical  tolerances  are  listed  as  the  submenus  under  this 
menu  These  submenus  are  corresponded  to  the  ten  geometric  tolerances  defined  in  Chapter  7. 

maly,  under  the  menu  Duplay,  four  submenus  Feature  Surface,  Feature  Volume,  Net  Volume 
and  Feature  Face  are  defined.  These  menus  are  used  to  change  the  display  mode  when  a  form 
feature  is  selected  on  current  product.  The  first  three  will  display  the  feature  surface,  the  feature 
volume,  and  the  net  volume  of  a  feature  respectively  when  one  of  its  faces  is  clicked.  If  the 
display  mode  is  set  to  Feature  Faces,  only  the  clicked  face  will  be  highlighted. 
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8  Conclusion 


A  new  hybrid  CSG/B-rep  feature  modeling  system  which  supports  feature  recognition  and  fea¬ 
ture  editing  has  been  proposed.  In  addition  to  volume  and  surface  information  of  a  form  feature 
t  e  proposed  system  captures  the  shape  information  of  each  form  feature  at  modeling  stages  and 
tightly  associates  this  information  with  its  topological  elements.  Meanwhile  the  feature  shape 
information  is  organized  into  a  feature  node  and  added  into  the  feature  graph.  The  proposed 
feature  modeling  system  also  capture  manufacturing  data  such  as  dimensional  tolerances  geo¬ 
metric  tolerances,  and  datums  by  attaching  them  to  the  product  geometry  at  all  levels  through 
the  feature  graph. 

With  the  feature  shape  information,  all  features  in  the  product  can  be  unambiguously  rec¬ 
ognized  by  using  two  formats  of  simple  feature  rules.  The  advantage  of  this  approach  is  that  a 
new  feature  rule  can  be  automatically  generated  during  a  recognizing  process.  Therefore,  the 
feature  extraction  capability  can  increase  gradually  during  the  modelings.  To  support  feature 
editmg  operations,  the  proposed  system  also  keep  the  track  of  feature  modeling  history  by  main¬ 
taining  both  active  and  inactive  adjacency  relationships  between  form  features.  By  applying 
feature  modeling  history,  six  feature  editing  operations  have  been  defined.  The  impacts  of  these 

feature  editing  on  dimensional  tolerances,  geometric  tolerances,  and  datums  are  investigated  and 
solutions  are  given. 

Unlike  existing  feature  modeling  systems  in  which  feature  modeling  is  separated  from  geo¬ 
metric  modeling,  the  proposed  feature  modeling  system  uniformly  combines  both  modelings  in 
an  integrated  CAD/CAM  environment.  In  this  system,  pre-defined  features  are  no  longer  the 
bottle  neck  as  that  in  existing  feature-oriented  systems.  They  can  not  only  be  automatically 
added  during  the  modeling  but  also  be  edited  in  both  geometry  and  semantics.  The  proposed 
feature  modeling  system,  therefore,  is  very  powerful  and  capable  for  CAD/CAM  integration. 
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Appendix  D:  Producibility  Evaluator 


Appendix  D:  Producibility  Evaluation 


Dl.  Introduction 

The  producibility  evaluation  methodology  developed  in  this  study  adopts  the 
orm  feature  concepts  and  object-oriented  computer  programming  and  database 
ec  mques.  framework  of  this  evaluation  methodology  is  configured  in  Figure  1  It  is 
structured  to  examine  many  aspects  of  producibility  can  be  examined  and  to  provide  the 
product  designer  with  feedback  such  that  the  advantages  of  concurrent  engineering  can 

wr.  illustrates  the  relationship  of  the 

p  oducibility  evaluation  framework  to  the  overall  concurrent  engineering  scheme.  Note 

that  a  producibility  evaluation  can  be  conducted  both  before  and  after  a  process  plan  is 

generated.  Before  process  plan  generation,  an  evaluation  of  the  product  designLs  to 

anH  ^  H  T  and  the  manufacturing  resources  models.  Cost,  quality 

Derforme^L"''  information  to  be  accurate,  and  thus  should  be 

performed  after  process  planning. 


D1.1  Producibility  Evaluation  Framework 

The  proposed  framework  for  producibility  evaluation  consists  of  two  evaluations 
prior  to  process  plan  generation  and  three  evaluations  after  process  plan  generation.  An 
outline  of  the  framework,  as  per  Figure  1,  is  provided  as  follows: 


I.  Prior  To  Process  Plan  Generation. 

A.  Check  Technical  Feasibility. 

B.  Calculate  Producibility  Index. 

II.  After  Process  Plan  Generation. 

A.  Estimate  Life-Cycle  Cost. 

B.  Calculate  Process  Capability  Index. 

C.  Assess  Schedule  Compatibility. 


These  five  modules  answer  fundamental  manufacturing  questions  tvoical  of  anv 

Ew&mmm 

mandated.  One  mav  also  mnQi'Hor  ^  equipment  is 

manufacturing  resources,  but  this  wou.d 
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Figure  1;  Computer  Integrated  Concurrent 


Engineering. 
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is  deemed  feasible,  then  one  needs  to  rate  its  producibility.  A  producibility  index  based 
on  difficulty  criteria  is  used  for  rating  the  product.  Difficulty  is  inferred  from  the  states 
of  a  selected  set  of  part  design  parameters.  A  detailed  development  of  the  producibility 
index  for  machined  components  will  be  provided  in  section  D3. 

Cost  and  quality  metrics  are  derived  from  the  process  plan,  and  schedule 
compatibility  is  derived  from  a  production  schedule.  Regardless  of  the  product  design, 
the  cost  is  derived  from  a  process  plan.  Unit  costs  are  used  for  equipment  and  tooling, 
processing  times  and  material  cost.  An  activity  based  cost  model  expanded  to  the  life- 
cycle  level  is  considered  the  best  approach.  In  order  to  calculate  a  process  capability 
index,Cp,^ ,  the  process  capability  of  each  piece  of  manufacturing  equipment  must  be 
captured.  Then,  with  the  aide  of  a  process  plan  for  identifying  all  processing  equipment, 
one  may  retrieve  all  necessary  information  for  calculating  a  C  ^  index  for  the  product 
Since  the  quality  of  a  product  can  be  affected  by  the  performance  of  a  single  piece  of 
equipment,  one  should  identify  the  least  capable  machine  and  use  it  for  calculating  the 
Cpk-  The  least  capable  machine  would  be  identified  as  the  machine  with  the  smallest 
inargm  for  meeting  tolerance  requirements  assigned  to  it  For  example,  consider  a  drill 
that  is  assigned  to  make  a  hole  that  has  no  tolerance  or  surface  finish  requirements,  as 
opposed  to  a  milling  machine  that  is  assigned  to  make  a  pocket  with  tolerances  specified 
near  the  limits  of  the  machine's  capability.  In  this  case,  the  milling  machine  has  the 
smaller  margin,  even  though  the  milling  machine  is  generally  more  capable. 

Assuming  that  all  equipment  and  tooling  availability  is  known,  that  all  existing 
jobs  are  known  according  to  process  plan,  due  date,  and  production  volume,  then  the 
through-time  is  computed  for  each  job.  This  through-time  can  then  be  used  with  start¬ 
time  and  end-time  requirements  for  the  part  for  schedule  compatibility  evaluation. 

D1.2  Selection  of  a  Framework  Subset  for  Development 

Technical  feasibility  assessment  and  calculation  of  the  producibility  index 
represent  a  sort  of  self-contained  aspect  of  the  overall  producibility  evaluation 
ramework.  Development  of  the  entire  framework  is  beyond  the  scope  of  this  thesis 
erefore  attention  will  focus  on  the  phase  prior  to  process  plan  generation,  as  outlined' 


A  detailed  description  of  the  proposed  method  for  producibility  evaluation  prior 
to  process  plan  generation  is  presented  next.  The  description  is  supported  by  various 
igures  tables  and  equations  where  necessary.  The  implementation  results  are 
supported  by  example  evaluations  of  test  parts.  Technical  feasibility  is  described  first 
followed  by  a  description  of  the  producibility  index  computation  algorithm. 

D2.  Technical  Feasibility  Assessment 

tn  f  context  of  this  thesis,  technical  feasibility  assessment  will  be  applied 

to  features  tha  are  oriented  perpendicular  to  their  contact  face.  A  feature  under^this 
condition  IS  called  a  ID-orientation  feature.  A  2D-orientation  feature  would  meet  its 
fTrP  A  ^ngle  other  than  90°,  and  would  lie  in  a  plane  normal  to  the  contact 

fK  A  3D-orientation  feature  is  the  default  case  if  not  ID  or  2D.  Figure  2  illustrates 
these  three  orientations.  Some  important  feasibility  issues  will  be  addressed  next 
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There  are  three  primary  concerns  with  regard  to  machine  tool  capacity;  workspace 
capacity,  power  capacity,  and  load  capacity.  Workspace  capacity  is  concerned  with 
fitting  the  part  on  a  machine.  If  a  part  is  too  large  to  fit  on  any  rnachine  in  the  plant, 
then  either  a  new  larger  machine  must  be  purchased  or  the  part  miist  be  modified.  The 
size  of  the  part  alone  may  not  provide  enough  information,  because  the  fixturing 
elements  can  effectively  increases  part  size,  and  the  tool  assembly  effectively  decreases 
the  workspace  size. 

Gopalakrishnam,  et  al.  [1]  described  a  method  for  calculating  the  material  removal 
rate(MRR)  via  a  regression  equation  that  applies  to  face  milling: 

MR  R =e ‘(‘’•^^224-0.000013BHW"] 


where  BHN  is  the  Brinell  hardness  number.  Empirical  formulas  that  relate  material 
removal  rate  to  horsepower  can  be  used  to  estimate  the  power  requirements  of  the 
candidate  machine.  The  material  removal  rate  is  considered  the  optimum  or  near  the 
optimum  rate,  which  implies  other  rates  may  be  feasible.  The  size  of  a  milling  cutter 
body  and  its  number  of  inserts  influences  the  power  requirements  and  material  removal 
rate.  Since  the  minimum  possible  required  horsepower  is  likely  to  define  the  feasible 
power  requirernent,  this  type  of  check  could  become  cumbersome  due  the  number  of 
parameters  involved,  and  is  not  considered  for  this  development.  The  load  capacity  of 
a  machine  is  the  amount  of  weight  that  the  machine's  table  can  accommodate  without 
affecting  the  machine's  ability  to  operate  as  designed.  Workspace  capacity  and  table 
weight  capacity  are  considered  in  this  development. 

A  tool  assembly  is  basically  a  cutter  (with  or  without  inserts)  and  any  additional 
u  necessary  for  linking  the  cutter  to  a  given  machine  in  such  a  manner 

that  the  composite  assembly  is  suitable  for  its  intended  application.  Additional  assembly 
elements  include  holder,  adapter,  and  extension.  The  holder  is  the  interface  between  the 
cutter  and  machine,  if  the  machine  has  no  device  such  as  a  chuck.  If  a  cutter  is  not 
directly  compatible  with  a  holder  then  an  adapter  is  required.  If  a  cutter  is  not  long 
enough  then  an  extension  is  needed.  Some  cutters  are  solid  body  cutters  such  as  a 
common  drill  bit,  while  other  cutters  use  inserts  that  effect  the  chipping  action.  Some 
tool  assemblies  are  not  cutters,  but  grinders.  Form  tolerances  and  surface  finish  as  well 
as  machining  parameters  are  affected  by  tool  selection.  Tool  selection  is  complicated  by 
conflicting  demands  for  efficient  material  removal  and  minimal  tool  changes,  according 
°  w  occurs  when  one  is  faced  with  irregular  features,  especially 

pockets,  that  allow  different  size  cutters  at  different  locations  within  their  boundaries^. 
Material  removal  efficiency  suggests  that  an  assortment  of  cutters  should  be  selected  in 
order  to  reduce  the  machining  time  and  the  number  of  passes.  On  the  other  hand  one 
wishes  to  minimize  tool  changes,  because  tool  changing  is  not  a  value  adding  activity, 
which  complicates  the  issue  of  which  tool(s)  to  choose.  Cutter  selection  for  making  a 
pocket  IS  accomplished  by  Bala  and  Chang  by  following  the  outer  profile  with  an 

is  offset  by  the  cutter  radius.  Then  a 
resu  tant  feasible  zone  is  created  from  which  the  cutter  can  remove  all  of  the  material 
The  largest  cutter  is  chosen  in  this  manner,  and  then  a  finish  cutte^  that  can  follow  the 
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perimeter  is  used  for  completion  of  the  pocket.  This  method  is  also  used 
for  pockets  with  islands.  Maximizing  the  cutter  size  reduces  machining  time  at  the 
expense  of  only  one  tool  change  for  many  cases.  By  using  this  methodTne  couM 
oMhe  feaT^^  ^  combination  and  obtain  a  measure  of  the  producibility 

A  fts  b  eT  r  uu  the  machining  time" 

Hpvp?  ^  capable  of  producing  the  finished  feature^  This 

thP  selection  of  a  single  feasible  tool  for  each  form  feature  for 

*  ^  does  not  deal  with  identifying  an  optimal  tool  set  which 

would  be  beyond  the  requirements  of  a  feasibility  assessment. 

^ost  critical  machining  factors  and  is  strongly  considered 
snP^ When  one  tolerances  an  entity  such  as  a  machinf d  part  one  is 
specifying  the  amount  of  acceptable  deviation  from  nominal  for  that  part  Tolerances 

indtvMn!?fnl^  tolerances  according  to  commonality  and  class  defines  the 

individual  tolerance  types  in  a  category.  For  example, /orm  is  a  category  that  circularity 

nngs  o.  A  tolerance  data  field  is  used  to  document  each  tolerance  entity  and  includes 
m  ormation  such  as  system  name,  user  name,  class,  and  attached  data.  For  example 

"^o^^ting  hole  at  one  end,  the  tolerance 
eta  field  for  radius  could  be:  Tie  Rod  Mounting  Hole,  Radius(  +.003  -.001)in.  There 

may  e  variations  on  this  format.  A  data  reference  frame  is  a  type  of  feature  composed 
of  tolerance  features  that  define  a  particular  coordinate  frame.  A  tolerance  class  such 
as  circular  runout  would  require  a  data  reference  frame.  If  the  tie  rod  discussed  above 
were  toleranced  for  circular  runout,  then  the  data  reference  frame  would  be  the  center 
me  along  the  length  of  the  rod.  A  tolerance  qualifier  specifies  what  aspect  of  a  feature 
s  to  be  toleranced  For  example,  for  the  tolerance  on  the  primary  cross  section  of  a 
feature  one  would  use  the  defining  cross  section,  such  as  the  area  normal  to  the  major 
axis  of  the  fea  ure.  A  feature  is  resolved  into  the  defining  primitive  that  best  represents 
the  tolerance  to  be  evaluated.  An  example  of  this  resolution  would  be  the  use  of  the 
pometric  center  point  of  a  feature  for  tolerancing  position.  Here  the  feature  is  resolved 
to  a  defining  point  and  that  point  is  evaluated  with  respect  to  the  deviation  of  its  position 
rom  the  nominal  value.  Tolerances  and  surface  finish  are  assigned  to  individual  form 
features,  rather  than  being  treated  as  global  parameters,  which  allows  one  to  capture 
more  precise  information  regarding  these  parameters.  Attaching  tolerances  and  surface 

finish  to  features  is  essential  to  a  feature-based  method,  and  is  this  approach  is  adopted 
for  this  development.  ^ 

Fixturing  is  an  important  feasibility  issue.  If  a  workpiece  can  not  be  fixtured  then 
the  part  can  not  be  machined  and  the  part  is  not  feasible.  Most  parts  can  be  fixtured 
or  at  least  clamped,  but  extremely  brittle  parts,  soft  or  flexible  parts,  and  parts  with 
unusual  geometries  may  be  too  difficult  to  constrain.  For  the  purpose  of  this 
development,  fixturing  is  assumed  to  be  either  by  means  of  a  vise  or  some  other  simple 
method.  This  assumption  seems  reasonable,  because  the  parts  under  consideration  are 
prismatic  and  cuboid  (except  for  sheets,  which  are  clamped). 

The  feasibility  assessment  is  made  according  to  Figure  3,  and  is  broken  up  into 
smaller  detailed  segments.  As  illustrated  in  Figure  3,  feasibility  is  checked  at  the  part 
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Figure  3:  Technical 


Feasibility  Assessment. 
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l^evel,  at  the  feature  level,  and  with  regard  to  interference  between  form  features  This 
part  level  assessment,  which  is  discussed  next.  beginning  with  the 


D2.1  Feasibility  Assessment  at  the  Part  Level 

Kenerai^Srro?cV%tp^  ‘  P"'*  4  illustrates  the 

general  approach.  The  link  to  the  product  and  manufacturing  resources  data  is  mad p 

m  the  part  level  check  because  it  is  the  first  in  succession.  The  first  goal  of  the  p^rtTevel 

If  n^o  sTo^  k  r  ^  P'ece  of  stock  from  which  to  fabricate  the  component 

If  no  stock  IS  found  the  part  design  is  flagged  infeasible  and  the  part  level  asseLment 
IS  terminated,  else  the  stock's  ID  is  recorded  and  the  assessment  continues  The  second 

process  ns  ttle  lock  "Ta  f” 

the  stock.  If  a  feasible  machme/tool  combination  is  located  their  IDs  are 

recorded  and  the  procedure  terminates,  else  the  part  design  is  flagged  infeasible  and 

linTtn^h^'^^'^!?''?  terminates.  To  summarize,  the  part  level  check  provides  the  initial 

no  s  ock  cS  be  focmr'’“d  ^  "‘o^k  or  indicates  tha! 

none  could  be  f^d  ""  “  machine/tool  combination  or  indicates  that 

T  K  selecting  stock  material  for  a  feasibility  assessment 

cfrtpL-  ^  '  and  have  the  minimum  cross-sectional  area  of  all  feasible  stock  pieces  The 
^ock  cross-section  is  minimized  so  that  a  definitive  test  can  be  made  with  regard  to 
achme  work  envelope  capacity.  If  the  smallest  stock  (  cut  to  length  )  can  not  fit  on  a 
machine,  then  the  machine  is  not  feasible.  A  search  of  all  stock  classes  is  made  and  the 

^ocnr^^  emerges  as  a  result  of  constantly  replacing  the  current  candidate  with 
tock  of  smaller  cross-section.  The  bounding  box  of  the  part  is  used  as  a  basis  for 
paring  the  dimensions  of  a  piece  of  stock  with  those  of  the  part.  The  bounding  box 
of  the^^"'  ?  rectangular  volume  that  can  completely  enclose  the  part.  The  dimensions 
the  bounding  box  are  assigned  to  length,  width,  and  thickness  such  that  length  is  the 
argest  dimension,  width  is  the  next  largest  and  thickness  is  the  minimum  dimension 

S  stn^k3  f  fo""  comparison  with  the  stock,  individual  instances 

tock  are  selected  for  screening.  The  procedure  for  selecting  a  piece  of  stock  begins 
with  rectangular  classes  and  progresses  through  all  classes  of  stock,  currently 
rectangular  cylindrical,  octagonal  and  hexagonal.  Every  qualified  instance  of  every  class 
o  stock  IS  checked  so  that  the  smallest  piece  is  selected.  Instances  within  a  shape  class 
qualify  for  checking  only  if  their  AISI  material  code  is  the  same  as  that  specified  in  the 
product  model  First  the  stock  is  compared  to  the  part  enveloped  to  determine  if  it  is 
arge  enough,  then  the  cross-sectional  area  is  compared  with  the  current  minimum  to 
deterrnme  if  the  newly  selected  piece  should  replace  the  current  candidate.  The 
procedure  begins  with  a  high  value  for  the  initial  minimum  cross-sectional  area  as  a 
starting  point  for  the  minimization  routine.  Once  all  stock  has  been  evaluated  the 
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procedure  is  finished  and  the  ID  of  the  minimum  stock  is  known.  Figure  5  outlines  the 
procedure  for  selecting  the  minimum  stock,  as  just  described. 

In  order  to  determine  whether  or  not  the  stock  is  large  enough  a  simple  annroach 
was  takem  Refer  to  Figure  6,  which  details  the  geometries  ofVfew  sdecte^d^  stock 

If  thP  IS  made  between  the  stock  length  and  the  part  envelope  length 

H  the  stock  IS  at  least  as  long  as  the  part  envelope  it  is  acceptable.  The  next  check  is 

thptn^^^T^  cross-sectional  dimensions  and  those  of  the  stock  For 

he  case  of  cylindrical  stock,  the  stock  is  acceptable  if  the  part  envelope  diagonal  t  les 
than  or  equal  to  die  diameter  of  the  stock.  For  the  case  of  rectangulL  stock  the  stock 

thicSstiVlidth^oTlh^''T  thickness  and  width  are  less  than  or  equal  to  the 
thickness  and  width  of  the  stock,  respectively.  For  the  case  of  hexagonal  and  octagonal 

s  tnJ  ®P^'"  ^'ckness  must  be  less  than  or  equal  to  the  flat  distance  of  the 

ock,  and  the  part  envelope's  width  must  be  less  than  or  equal  to  that  of  the  stock 
xammation  of  the  hexagonal  and  octagonal  shapes  reveals  that  they  may  be  capable  of 
containing  part  envelope  cross-sections  with  dimensions  that  do  not  meet  the  stated 

Total  accuracy  in  selection  would  require  the  use  of  a  routine 
P"'^^  envelope  does  not  intersect  with  the  boundaries  of  the  stock 
This  routine  was  not  employed  in  order  to  maintain  simplicity 

The  next  activity  in  the  part  level  check  involves  the  selection  of  a  feasible 
machine/tool  combination  for  processing  the  stock,  which  is  made  according  to  Figure 

which  selected  first  by  using  the  Feature-Machine-Tool  (FMT)  tfble 

which  allows  for  cross-referencing  between  machine,  tool  and  feature  classes  The  base- 
convened  lo  a  fean,re  class  that  corresponds  .0  one  that  is  represented  in  the 
fh^t  if  ^  I'  ®  is  considered  a  cuboid  boss.  This  is  the  feature  type 

Note  thTt7'''^  selecting  machines  and  tools  from  the  FMT  tabfe. 

Note  that  though  the  base-part  is  cuboid  in  this  development,  the  methods  described 
herein  are  applicable  to  other  base-part  geometries,  such  as  prisms,  cylinders,  etc  Each 

exhausted.  If  al  instances  are  exhausted  the  FMT  table  is  revisited  and  the  previous 
FMT"f?t.7  f  ^  machine  instance  is  selected,  then  a  tool  class  is  selected  from  the 
table  and  the  machine  instance  is  tested  simultaneously  with  instances  of  the  tool 
c  ass.  If  all  tool  instances  fail,  then  a  new  tool  class  is  selected.  If  all  instances  of  all  tool 

insf^rP  f7i  then  a  new  instance  is  tested.  If  all  machine 

instances  of  all  machine  classes  specified  by  the  FMT  table  fail,  then  the  part  fails.  There 

^e  wo  groups  of  tests  that  are  made.  The  first  group  of  tests  is  concerned  only  with 
machine  aspects  of  technical  feasibility,  while  the  second  group  considers  parameters 
c  t  involve  either  the  tool  alone  or  the  tool  in  conjunction  with  the  machine.  These  two 
groups  of  tests  are  described  next. 

Figure  8  illustrates  the  machine  related  tests,  which  are  the  part  weight  test  the 
work  envelope  test,  and  the  position  accuracy  test.  If  the  cut-to-lLgth  wdght  of  the 
stock  IS  greater  than  the  table  weight  capacity  of  the  machine,  then  the  machine  fails  the 
par  weig  t  test.  If  the  magnitude  of  the  tightest  tolerance  specification  is  less  than  the 
position  accuracy  of  the  machine,  then  the  machine  fails  the  position  accuracy  test.  If 
the  minimum  work  envelope  dimensions  are  less  than  the  largest  stock  dimensions,  then 
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the  machine  fails  the  work  envelope  test.  The  work  envelope  test  will  be  discussed  in 
more  detail  later  in  the  text. 

Figure  9  illustrates  the  tool  &  machine  related  tests,  which  are  machine/tool 
compatibility  test,  material  cut  capability  test,  and  surface  finish  capability  test.  If  the 
tool  holder  type  of  the  machine  and  tool  do  not  match,  then  the  tool  fails  the 
machine/tool  compatibility  test.  If  the  magnitude  of  the  minimum  specified  surface 
finish  is  less  than  the  surface  finish  capability  of  the  tool,  then  the  tool  fails  the  surface 
finish  test.  H  the  AISI  code  of  the  part  material  is  not  found  in  the  tool's  material  cutting 
capability  list,  then  the  tool  fails  the  material  cutting  capability  test.  Surface  finish  and 
tolerance  specifications  are  taken  from  the  base  part. 


D2.2  Feasibility  Assessment  at  the  Feature  Level 

The  feature  level  feasibility  assessment  is  similar  to  but  more  complex  than  the 
part  level  assessment.  The  general  procedure  for  the  feature  level  check  is  outlined  in 
Figure  10.  The  procedure  begins  with  the  selection  of  the  first  feature  after  the  base-part. 
A  machine  and  tool  class  combination  is  then  selected  from  the  FMT  table  based  on  the 
feature  type.  Then  the  machines  and  tools  are  tested  at  the  instance  level.  The  machine 
instance  alone  is  tested  first,  then  tool  and  machine  are  tested.  If  all  machine  instances 
and  tool  instances  of  all  classes  specified  by  the  FMT  table  fail,  then  the  part  is  not 
feasible  with  respect  to  the  current  feature  in  question.  The  procedure  is  followed  for 
each  form  feature  in  the  product  model.  This  provides  the  user  with  the  capability  of 
focusing  on  individual  form  features  during  design,  which  may  allow  a  part  design  to 
be  salvaged  via  minor  feature  modifications. 


As  illustrated  in  Figure  10,  there  are  two  groups  of  tests  that  are  made  at  the 
feature  level.  Figure  11  illustrates  the  procedure  for  performing  the  first  group  of  tests 
that  consider  only  the  machine  against  the  feature.  The  first  test  is  the  weight  test 
which  compares  the  weight  of  the  part  (estimated  by  the  product  of  the  part  bounding 
box  volume  and  part  material  density)  with  the  table  weight  capacity  of  the  machine, 
f  the  machine  table  weight  capacity  exceeds  the  weight  of  the  part  then  the  test  is 
passed.  The  next  test  determines  if  the  minimum  tolerance  specification  is  greater  than 
or  equal  to  the  position  accuracy  of  the  machine,  if  so  the  machine  passes  the  test.  The 
last  test  IS  a  tool  travel  test.  Tool  travel  requirements  vary  from  feature  to  feature,  while 
tool  travel  capability  varies  from  machine  to  machine.  For  example,  cylindrical  holes 
require  one  axis  of  travel  and  drill  type  machines  provide  travel  along  one  axis,  which 
IS  a  potential  matck  Cuboid  pockets  require  three  axes  of  travel  unless  they  are  made 
\vith  an  EDM  machine.  The  number  of  special  circumstances  involved  in  tool  travel 
checking  makes  it  difficult  to  generalize  and  modularize.  The  procedure  progresses  from 
one-axis  travel  machines  to  three-axis  travel  machines.  Rules  for  different  feature  types 
are  considered  within  the  context  of  the  travel  capabilities  of  the  machine  in  questL 
The  procedure  for  checking  tool  travel  will  be  detailed  later. 

Figure  12  illustrates  the  tests  that  consider  the  machine  and  tool  simultaneously 
The  procedure  begins  by  checking  if  the  specified  part  material  is  compatible  with  the 
cutter  by  looking  for  a  match  between  the  AISI  code  of  the  material  and  a  list  of 
materials  assigned  to  the  tool  assembly's  material  cutting  capability  list.  If  no  match  is 
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r  Feature  Level  Feasibility  Assessment. 


figure  11;  Test  Machine  Criteria 


for  a  Feature. 
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BEGIN 


MATERIAL'S  AISl  CODE 
INCLUDED  IN  THE  TOOL'S  MATERIAL 
CUT  CAPABILITY 
LIST? 


TOES  MAGNITUDE 
OF  TOOL'S  SURFACE  FINISH  ^ 
capability  exceed  MAGNITUDE  OF 
\  SMOOTHEST  FINISH  SPECIFIED 
^\^ON  BASE  PART? 


"  "does  TOOL  HOLDER  TYPe''^'^ 
OF  TOOL  MATCH  TOOL  HOLDER  TYPE 
OF  MACHINE? 


TEST  WORK  ENVELOPE 


test  corner  radius 


TEST  tool  CLEARANCE 


TEST  feature/tool 


dimensions 


Figure  U:T..  Marine  an.  T«„CH.eriar„..Kea.u.. 
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ails  the  test  The  next  four  tests  are  much  more  involved  and  are  detailed  bv  thrown 

Figure  13  details  the  procedure  for  checking  the  work  envelope  Because  the 
Ct?  checked  at  the  part  level  and  at  the  feature  level,  th^e  procedure  for 

both  levels  IS  presented  simultaneously.  Therefore,  the  procedur^forkslnto  two 

ThTn^Ti  o^er  for  the  part  level  check 

The  part  level  check  is  very  simple.  The  cut-to-length  stock  dimensions^are  sorted  from 

maximum  to  minimum.  Then  the  work  envelope  dimensions  are  sorted  from  maximum 

to  minimum  A  conservative  test  is  then  made  to  determine  if  the  minimum  “s^on 

nlfr'i  the  maximum  d^ensirof  the 

that  m^achme  fails.  This  test  is  made  conservatively  so  that  one  may  assume 

can  be  positioned  as  necessary  during  the  tool  travel  test.  The  feature  level 

of  bounding  box  dimensions  are  used  instead 

f  the  stock  dimensions,  and  the  tool  assembly  length  is  subtracted  from  the  Z-axis  of 

11::  the  .01  axS  fo1 

The  tool  travel  test  is  very  complicated,  as  can  be  seen  from  Figure  14.  Figure  14 

NX^that  thlT^  sorting  the  X  Y,  and  Z  tool  travels  and  the  feature  dimensions. 
Note  that  the  Z-axis  is  assigned  to  the  spindle  axis  for  drills,  mills,  etc.  Once  the  travel 
and  feature  dimensions  have  been  sorted,  then  the  proper  rules  are  applied  by 
considering  the  type  of  machine,  tool  and  feature  involved.  If  the  machine  i^Ly  type 
of  drin  or  electrode  the  feature  dimension  along  the  contact  face  normal  XXot 
exceed  the  tool  trave  in  the  Z-direction.  If  the  machine  is  a  band  saw  or  hack  saw  then 
maTp' T^®  differentiate  between  through-slots  and  other  features  that  a  saw  can 
p  A  dimension  normal  the  a  contact  face  (the  depth  of  the  slot)  can  not 

exceed  the  tool  trayel  in  the  Z-direction.  For  the  other  feature-types  the  midX  Satme 
dimension  IS  not  to  exceed  the  tool  travel  in  the  Z-direction.  Consider  cutting  a  through- 
step  or  a  boss  with  a  saw  and  the  objective  becomes  clear,  one  must  pass  the  part 
trough  the  saw  m  two  orientations  to  cut  out  a  single  step.  In  one  orientation  the 
minimum  feature  dimension  is  in  the  direction  of  travel,  while  in  the  other  orientation 
me  middle  dimension  is. 

Wire  EDM  machines  cut  in  a  plane  that  is  normal  to  the  depth  of  a  through-hole 
For  this  reason  one  needs  to  compare  the  largest  cross-section  dimensions  of  the  hole 
with  the  X  and  Y  too  travel  of  the  machine.  If  the  largest  dimension  does  not  exceed 
t  e  largest  tool  travel  and  the  next  largest  dimension  does  not  exceed  the  other  tool 
travel,  then  the  machine  passes  the  travel  test.  If  the  feature  is  not  a  through-hole  then 
1  must  be  a  boss  or  through-step,  because  these  are  the  features  that  a  wire  EDM  can 
make.  If  the  feature  is  a  boss  or  through-step,  then  the  middle  dimension  can  not  exceed 
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part-level  checi^ 


SORT  MAX.MIN.AND  MID  PART 
DIMENSIONS  USING  PART'S 
bounding  box  for  dimensions 


SORT  MAX,  MID,  AND  MIN  STOCK 

dimensions,  use  part  length  as 

STOCK  LENGTH. 


TOOL^"""— 

assembly  ENDMILL.  DRILL.Miijr 
bore,  EDM  ELECTRODE.  SHAPER, 
JIG  GRINDER,  OR  FACEMILL? 


SUBTRACT  TOOL  ASSEMBLY 
LENGTH  FROM  Z-AXIS  OF 
WORK  ENVELOPE 


SORT  MAX.  MID,  AND  MIN  MACHINE 
WORK  ENVELOPE  DIMENSIONS 


DOES  MAX^'"'"--.- 

dimension  exceed  min  work 

■'--'--EWELOPE^ 


Figure  13;  Test  Work  Envelope. 
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Figure  14:  Tesl  Tool  Travel. 
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Figure  14:  Tool  Travel  Test  (Continued). 
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IS  FEATURE 

AMY  TYPE  Thru-hole? 


YES 


r 


[  get  trimmed  FACES'  DIMENSIONS  ) 

I  identify  the  two  largest  dimensions  ^ 


does  urgest 

dimension  exceed  tmax  -or-  does  other 

_O^NSION  EXCEED  TMID? 


YES 


Figure  14:  Tool  Travel  Test  (Continued). 
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DOES  MAX  FEATURE 


Figure  14:  Tool  Travel  Test  (Continued). 


the  largest  tool  travel. 

the  Z  and  X  directions  and  are  used  to  make  cylindrical 
dirP^K^^  radius  of  the  feature  is  compared  to  the  tool  travpl  in  the  X 

dirpr|-°^'  (or  depth)  of  the  feature  is  compared  with  the  travel  in  the  Z 

nf  m  ^  gam  the  dimensions  can  not  exceed  their  respective  travels.  The  last  group 
•fV,  Iv.  3-axis  machines,  and  a  direct  comparison  is  made.  The  largest  travel 

1  tl^  largest  dimension,  the  middle  dimension  with  the  middle  travel,  etc. 

test  only  considers  depression  features  that  have  radius  corners 
and  therefore,  the  first  step  in  the  test  is  to  determine  if  the  feature  is  a  radTus 
pression,  if  not  the  test  is  terminated.  Please  refer  to  Figure  15.  After  the  feature  is 
dentified  as  a  radius  depression,  the  corner  length  is  accessed.  The  corner  length  is  the 
distance  from  the  point  of  tangential  intersection  of  a  circle  with  the  minimum  possible 
corner  radius  and  the  side  of  the  feature  to  the  vertex  that  makes  the  corner.  This 
dimension  is  illustrated  in  Figure  16,  which  will  be  discussed  later.  The  corner  length 
to  compute  the  minimum  radius,  which  changes  according  to  the  angle  between 
e  two  sides  that  form  the  corner.  The  next  step  is  to  determine  if  the  feature  is  any 
type  of  radius  polygon  depression  feature,  or  more  specifically,  a  convex  general 
polygon  feature,  named  for  the  shape  of  the  cross-section  of  its  primitive  solid  If  the 

I  Smallest  interior  angle  on  the  cross-section  is 

computed  by  taking  the  dot  product  of  vectors  attached  to  pairs  of  sides  that  form  the 

FOM^r^  polygon.  If  the  tool  is  a  facemill,  endmill,  millbore,  jig  grinder  or  wire 

product  of  the  corner  length  and  the 
tangent  of  half  the  minimum  interior  angle.  If  the  tool  is  a  shaper,  then  the  edge  radius 
can  not  exceed  the  same  value.  If  tlie  feature  is  not  a  general  polygon,  then  it  must  be 
c  regular  polygon,  and  the  same  tests  are  performed  using  the  product  of  corner  length 
and  tangent  of  7r(N-2y2N,  where  N  is  the  number  of  sides  on  the  cross-section  of  the 
feature  primitive.  This  fork  in  the  procedure  represents  an  attempt  to  avoid  lengthy 
compuytions  if  a  simple  formula  is  available.  Since  EDM  electrodes  in  the  database 
currently  do  not  have  an  edge  radius  attribute,  they  fail  the  test.  If  the  attribute  is  added 
m  the  future,  then  the  test  will  be  expanded  to  include  EDM  electrodes.  For  clarity,  the 
relationship  of  minimum  cutter  radius  to  corner  length  is  detailed  in  Figure  16.  Note 
tliat  the  corner  length  and  cutter  radius  form  a  right  triangle,  and  that  the  tangent  of  the 
half-angle.  Phi,  is  R/C.  From  this  one  derives  the  general  relationship.  If  the  polvgon 
IS  of  N  equal  sides,  then  Phi  becomes  7i(N-2)/2N. 

The  tool  clearance  check  is  made  between  two  bosses  or  between  a  boss  and  its 
parent  depression.  According  to  Figure  17,  the  minimum  non-zero  clearance  is 
coniputed  between  the  current  feature  and  another  that  fits  the  description  above.  Tools 
such  as  drills,  reamers  and  EDM  electrodes  may  be  selected  by  the  FMT  table  but  are 
not  capable  of  producing  nested  features  such  a  bosses  in  pockets,  and  are  eliminated 
from  consideration.  These  tools  could  be  selected  if  the  current  feature  is  a  depression 
that  can  be  made  by  the  tool,  because  when  referencing  the  FMT  only  the  current  feature 
IS  used  to  make  the  selection.  Of  course,  the  FMT  table  does  not  know  that  there  is 
another  feature  inside  the  depression  that  renders  this  tool  infeasible,  so  the  procedure 
must  be  set  up  to  recognize  these  conditions.  This  could  be  considered  a  bonus  feature 
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Figure  15:  Test  Corner  Radius. 
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Figure  15:  Corner  Radius  Test  (Continued). 
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Figure  15;  Corner  Radius  Test  (Continued). 
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regular  polygons 

PHI  =  Tr(N-2)/2N 
N  -  NUMBER  Of  Sides 


irregular  convex  polygons 

COMPLETE  PHI  FROM  DOT  PRODUCT 


^•gure  16:  Geometric  Representation 


of  Corner  Radius  Test. 


D30 


CALCULATE  MINIMUM  NON-ZERO  CLEARANCE  BETWEEN 
CURRENT  FEATURE  AND  ANOTHER  FEATURE 


IS  TOOL 

assembly  ANY  TYPE  DRILL  OR  REAM? 


IS  TOOL 
AN  EDM  ELECTRODE? 


determine  CRITICAL  TOOL  DIMENSION 
tor  CLEARANCE  CHECK.  SEE  TABLE  I. 


critical  DIMENSION  >  MINIMUM 

Clearance? 

YES  - 

L 


features  to  check  with  CURRENT 
feature? 


no 


L 


EXIT 


re  17;  Tool  Clearance  Test 


of  the  algorism,  because  it  disqualifies  tools  that  can  not  deal  with  nested  features.  The 
vertices  of  the  features'  bounding  boxes  are  used  for  computing  clearance,  which  is  done 
y  checking  the  distances  between  the  points  that  represent  the  vertices  Next  a  critical 
loo  dimension  .s  used  for  testing  the  dearnnce.  Table  I  contains  a  summa^of  ftese 

eniwl !  ®  number  of  tool  classes.  If  the  critical  damson  is  leJs  than  or 

equal  to  the  ntinimum  non-zero  clearance  between  the  two  features,  then  the  tool  passes 

n  tool  is  determined  primarily  based  on  ho^w  the 
tool  is  oriented  when  cutting.  For  example,  from  Table  I  the  endmill's  critical  dimension 

Xo 

dimension  is  its  cutter  body  width 
h  '  tool  clearance  test.  Clearance  is  checked  between  bos^s  2  and 

^  considered,  because  it  is  not  on 
i!  '^^th  another  boss,  nor  is  it  within  a  depression  feature.  Note  that 

t  e  height  difference  is  ignored  when  computing  the  minimum  non-zero  clearance 
etween  features.  If  the  height  difference  were  not  ignored,  then  two  bosses  of  nearly 
the  same  height  would  be  assigned  a  small  clearance,  even  if  they  are  actually  widely 
spaced  on  the  same  face.  The  other  feature  pair  that  is  checked  is  the  blind  slot  and  boss 
igncScT i^ested  inside  the  slot.  Again,  if  there  is  a  height  difference  it  is 

Besides  the  tool  travel  test,  the  tool  dimension  test  is  the  most  complex  in  terms 
of  the  amount  of  interaction  between  feature,  machine  and  tool  classes  involved  Figure 
19  provides  general  picture  of  the  procedure.  If  the  machine  class  is  EDM  then  Tool 


Table  I:  Critical  Tool  Dimension  for  Clearance  of  Tool 
Between  Form-Features 


Tool  Type 

Critical  Dimension 

Surface  Grinder 

Grinder  Body  Width 

Side  Mill 

Cutter  Body  Width 

Jig  Grinder 

Grinder  Body  Diameter 

End  &  Peripheral 

Mill 

Cutter  Body  Diameter 

Saw 

Cutter  Body  Thickness 

Shaper 

Cutter  Body  Thickness 

Wire  EDM 

Cutter  Body  Diameter 

Bore 

Minimum  Cutter  Body 

Diameter 

Single-Point  Lathe 

Cutter  Body  Width 
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Figure  18:  Illustration  of 


the  Tool  Clearance  Test. 
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Figure  19:  Tool  Dimension  Test. 
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Dimension  Test  1  is  performed.  If  the  feature  is  any  type  of  square  cornered  throueh- 
slot,  then  Tool  Dimension  Test  2  is  performed.  The  last  feature-types  to  be  considered 
are  either  cncular  or  elliptical.  For  these  feature-types  tool  dimension  test  3  is 
perforined.  Depression  features  with  radius  corners  are  not  considered  here,  because 
the  tool  is  tested  against  the  corner  radius,  which  is  smaller  than  any  gross  feature 
dimension  Bosses  are  not  considered,  because  a  tool  does  not  need  to  be  positioned 
inside  the  boundaries  of  a  boss  for  machining. 

Figure  20  details  Tool  Dimension  Test  1,  which  checks  if  the  feature  is  either  a 
cuboid  or  cylindrical  depression.  Only  these  two  feature-types  can  be  made  from  the 
stock  of  electrodes  currently  in  the  database.  If  the  cross-section  of  the  electrode 
perfectly  matches  that  of  the  feature,  and  if  the  length  of  the  electrode  (depth  in  the  tool 
atoibute  hst)  IS  at  least  as  large  as  the  depth  of  the  feature,  then  the  tool  passes  the  test, 
the  feature-type  is  not  a  cylindrical  or  cuboid  depression  the  tool  fails  the  test. 

illustrates  Tool  Dimension  Test  2,  which  is  for  through-slots.  The  first 
S  procedure  IS  to  determine  the  critical  width  of  the  slot.  This  dimension  is 

arir  Trih  of  the  tool.  If  the  crittcal  tool  dimension  is 

ger  than  the  critical  slot  dimension  the  tool  fails  the  test.  For  surface  grinders  and 

tTuLf  hoH““‘  d  -“I  ^  -“"d  criticaEnsion 

the  cutter  body  radius,  is  compared  with  the  slot  depth  for  the  case  of  the  surface 

diameter  is  checked  against  the  critical  width  for  mill,  jig  grinder 
and  wi^re  EDM  tools,  unless  it  is  a  side  mill.  For  side  mills  the  cutter  width  is  compared 

feature  ^“thTt0^‘fs*  'Ih  “f  with  the  depth  S  the 

the  Zt  ifnl*  Thfrdt  T  '“8*  “®de  and 

me  Slot  length.  The  critical  widths  are  summarized  in  Table  II. 

i:  f.  3  is  outlined  in  Figure  22.  This  test  deals  with  depression 

features  that  have  a  primitive  with  either  a  circular  or  elliptical  cross-section  Drills  and 

their  cutter  body  lengA^ 

have  a  diameter^tSM^c'^!?*  Snnders  and  wire  EDM  tools  must 

nave  a  d  ameter  that  less  than  or  equal  to  the  diameter  of  the  hole  The  width  of  a 

single  point  lathe  tool  can  not  exceed  the  minimum  diameter  of  the  feature  For  Lres 

he  minimum  cutter  diameter  can  not  exceed  the  minimum  feature  dimeter  no^can^^^^^^ 

feature  depth  exceed  the  cutter  body  length.  Boring  bars  tend  to  haTlare;  heaS  ftal 

dplfc  t  ^  minimum  radius  is  used  for  comparison.  For  example  cone 
depressions  have  a  top  and  a  bottom  radius  due  to  taper,  and  ellipses  have  a  maior  and 

a  minor  radius  because  of  their  eccentricity.  ^  pses  nave  a  major  and 


D35 


Figure  20:  Tool  Dimension  Test  1. 


D36 


Figure  21:  Tool  Dimension  Test  2. 
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IS  THE  MACHINE  ANY  TYPE  MILL 
OR  JIG  GRINDER  OR  WIRE  EDM? 


Figure  21:  Tool  Dimension  Test  2  (Continned). 


Table  II:  Critical  Width  Specification  for  a  Given  Type  of  Thru-Slot 


Type  of  Slot 

Critical  Width 

Regular_Cuboid_Thru_Slot 

Minimum  Dimension  Parallel  to  Contact 

Faces 

Regular_N_Sided_Thru_Sl 

ot 

Length  Of  One  Side  Of  Primitive  Cross- 
Section 

Regular_CC_Thru_Slot 

Length  Of  One  Side  Of  Primitive  Cross- 
Section 

Regular_Wedged  Thru  Slo 
t 

Length  Of  One  Side  Of  Primitive  Cross- 
Section 

Regular_P_Round_Thru  SI 
ot 

Length  Of  Smallest  Side  Of  Primitive  Cross- 
Section 

Regular_Diamond_Thru_Sl 

ot 

Length  Of  Smallest  Side  Of  Primitive  Cross- 
Section 

Regular_Trapezoid_Thru_S 

lot 

Length  Of  Smallest  Side  Of  Primitive  Cross- 
Section 

D2.3  Form-Feature  Interference  Checking 

Part  feature  interference  is  any  instance  where  any  feature(s)  on  a  part  predudei.'i 
he  processing  of  any  other  feature(s)  on  the  part  for  any  reason.  This 

4  sign  of  the  part,  because  if  one  feature  on  a  part  is  not  oroduriblp  thon  fbo 

Smrd  fts  ofthe^feam^^^^^  the  “S 

same  cross-section  as  the  face'in  contarr^'-frfi!''^®^  have  one  projection,  and  it  has  the 
a  feature  inter  ect  wi A  the  part  ^  If  all  projections  from 

projection  for  boss  1  is  omitted  for  darity.  The  a.gorithm  for  LtgtTform^fLJ^^ 
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^lSure  23:  Illustration  of  Form  Feature  Interference  Test. 
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interference  is  not  implemented  for  this  thesis,  but  the  general  procedure  is  outlined  in 
igures  24  and  25.  Referring  to  Figure  24,  the  first,  step  is  to  get  a  feature  for  testing, 
f  performed  After  the  test  is  finished  get  the  ID  of  the  next  feature 

*®^ted.  This  IS  done  so  that  an  unaltered  version  of  the  product  model  can  be 
retxieved.  An  unaltered  version  is  retrieved  for  each  test  to  prevent  cluttering  the  model 

with  regenerated  the  test  is  made  on  the  feature 

with  the  ID  that  was  saved.  All  features  are  tested.  For  the  case  of  a  boss,  there  is  only 

one  projection  which  is  subtracted  from  the  part  model,  and  interference  is  present  if  any 
new  faces  are  produced.  For  depression  features,  projections  are  ma^de  for  each 
consecutive  trimmed  face,  one  face  at  a  time,  until  all  have  been  projected  It  is 

To  ha^L'eXtce."'' 

D3.  Producibility  Index 

pp,.  is  based  on  the  concept  of  manufacturing  difficulty  This 

to  sfn?herr4ndpm  ^  important,  set  of  criteria.^ecall 

that  Sanchez  [4]  identified  the  most  important  factors  affecting  the  producibility  of  a 

given  product  to  be  material  selection,  manufacturing  process  selection,  design  geometry 

production  quantity.  Based  on  this  guideline,  one  can  extraS 
iculty  primarily  from  material  selection,  design  geometry  and  design  specifications 
ause  this  development  is  focused  on  the  machining  process,  the  difficulty  associated 

ii^ided  to  scrutiny  of  the  various  machining^  processes 
Handling  and  setup  difficulty,  and  fabricating  difficulty  are  considered  to  be  affected  bv 
the  previously  stated  parameters  and  formX  basis  of  the  producibmt 

levef  by  flmt  clX'inf  P^^t  level  and  ^t  the  feature 

level  by  first  capturing  information  of  a  global  nature,  and  then  by  comnutincr  a 

ifficulty  based  penalty  rating  for  each  form-feature.  The  two  levels  of  fnformation  are 

wf  a  complete  assessment  of  the  producibility  of  a  part  design 

msm^m 


P-TLp. 


/-I 


(1) 
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Figure  24:  Procedure  for  Checking  Feature  Interference. 
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Where  P  is  the  total  producibility  index,  p,  is  the  producibility  index  for  material 

wlTJhT'  ?  P''°'^^^'bility  index  for  part  size,  p3  is  the  producibility  index  for  part 

weight  and  p^  is  the  producibility  index  for  cumulative  feature  effects.  ^  ^ 

®  equation  1  is  to  account  for  the  compounding  effects  of  the 

of  Droduril^^  weight,  and  feature  characteristics.  The  combined  effect 

thp7p.f  d  level  producibility  must  be  expressed  as  a  product  because 

h  the  product  level  factors  (eg.  material  selection) 

and  because  ^e  global  parameters  have  additive  rather  than  average  efS^ 
Development  of  the  four  parameter  indices  is  detailed  next.  ^ 

D3.1  Contribution  of  Material  Selection 

Material  selection  is  a  very  important  aspect  of  producibility  evaluation  for  the 
machining  process.  Sanchez  [4]  identified  material  section  as  Ine  of  ^  primfr^ 
actors  affecting  producibility.  Two  important  aspects  of  material  selection  are  materS 

rm^tibS  Material  availability  affects  cost  and  schedule 

u  ^  u-rJ'  ^  indicator  of  fabricating  difficulty.  A  very  useful  concept 

ensfiotmT  “'c®  machining  ease  of  a  given  material.  Features  that  are 

easy  to  produce  in  one  type  of  material  may  be  very  difficult  to  produce  in  another 

rn  7  materials  with  a  relatively  low  machinability  rating,  denoted  MR 

contribute  negatively  to  producibility.  In  order  to  capture  the  difficulty^of  a  machined 
component  design  with  respect  to  machinability,  one  may  wish  to  crea^te  some  type  of 
j^ference  value  that  would  contrast  with  the  actual  machinability  of  the  specffied 
7,  77"  ■  the  disparity  between  the  reference  standard  and  the  actual 

normalize  the  machinability  based  relative 
design  difficulty.  The  obvious  reference  standard  for  machinability  is  a  machinability 
rating,  either  the  lowest  known  value  or  the  highest  known  value.  The  highest  known 

7  selected  as  the  reference  for  this  development,^  and  is  the 
machinability  rating  for  free-cutting  brass,  with  a  rating  of  3.0  [5]. 

Equation  2  has  been  developed  to  capture  the  producibility  of  a  part  design  with 
respect  to  material  selection  as  follows: 


p-min(_^^ +0.5,1) 
MR* 


(2) 


Where  MR  is  the  machinability  rating  for  the  specified  part  material  and  MR*  is  the 
highest  known  rating.  The  producibility  index  for  material  selection  will  always  be 
Pn  f  between  1  and  0.5  due  to  the  author's  opinion  that  aluminum  should 
ntribute  to  a  producibility  index  equal  to  1.  Aluminum  is  easily  machined  (MR  ranges 
from  about  1.5  to  2.0)  and  should  not  be  penalized  by  the  index. 

D3.2  Contribution  of  Part  Size 

Part  size  is  taken  as  a  geometric  aspect  of  producibility,  as  described  by  Sanchez 
Form  features  associated  with  a  small  part  will  tend  to  be  small,  and  small 


[4]. 


1  .  e  ,  .  .  lu  ue  biiicul,  anu  small 

depression  features  are  likely  to  be  difficult  due  to  accessibility  constraints.  Clearances 
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will  tend  to  be  tight.  Fixturing  a  very  small  part  is  difficult  because  most  fixturing 
elements  are  large  compared  to  the  part,  which  may  result  in  excessive  setups  due  to 
blocked  features.  The  actual  size  of  a  part,  let  it  be  denoted  S„  is  calculated  from  the 
dimensions  of  the  smallest  cuboid  volume  that  can  enclose  the  partfits  bounding  box), 
and  is  defined  as  the  sum  of  the  height,  width  and  depth  of  the  bounding  box.  The 
threshold  size,  let  it  be  denoted  S,,  serves  as  a  reference  size  for  relative  handling 
difficulty  with  respect  to  size.  Difficulty  is  then  captured  in  terms  of  the  disparity 
between  the  actual  size  and  the  threshold  size.  The  producibility  with  respect  to  part 
size  is  captured  in  the  form  of  equation  3  as  follows; 


S  -S 

p  =l-max(_! — !,0) 


(3) 


where  Sj  is  the  threshold  value  for  part  size  and  S3  is  the  actual  part  size. 


D3.3  Contribution  of  Part  Weight 

Part  weight  can  be  considered  to  be  a  result  of  design  geometry  and  material 
selection,  because  the  part  size  and  material  density  determine  the  weight.  Part  weight 
is  an  important  parameter  because  it  can  affect  material  handling  and  setup  ease.  Again, 
a  reference  is  needed.  In  this  case  one  may  wish  to  capture  difficulty  relative  to  machine 
capacity,  as  well  as  human  capacity.  Machine  capacity  may  be  used  as  the  limiting 
factor,  while  the  human  capacity  is  used  as  the  triggering  value.  If  a  part  weighs  less 
than  the  human  threshold  value,  then  no  difficulty  is  perceived.  When  the  weight  of  a 
part,  let  it  be  denoted  W3,  is  between  the  maximum  machine  tool  load  capacity,  let  it  be 
denoted  Wm3^,  and  the  capacity  of  the  loading  agent,  let  it  be  denoted  Wj,  then  there  is 
difficulty  with  regard  to  handling  the  part.  The  difficulty  is  captured  in  terms  of  the 
relationship  between  the  actual  part  weight,  the  threshold  weight  and  the  maximum 

possible  weight.  The  part  design's  producibility  with  respect  to  weight  is  capture  bv 
equation  4  as  follows;  o  j 

W-W 

P3=l-max(_^^^ — i,0)  (4) 


where  W3  is  the  actual  weight  of  the  part,  W^  is  the  threshold  weight  for  a  part  and 
IS  the  maximum  feasible  weight  for  a  Part. 


D3.4  Contribution  of  Form  Features 

Certain  form  features  are  inherently  more  difficult  to  fabricate  than  are  others  -for 
example,  compare  the  machining  requirements  for  a  cylindrical  thru-hole  with  those  for 
a  cuboid  pocket  with  sharp  corners.  Feature  attributes  such  as  tolerance  and  surface 
finish,  and  the  clearance  between  features  impact  heavily  on  producibility,  as  does 
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fcflturG  oriGntstion  to  a  Igssgf  dcgrGG. 

CumulativG  GffGcts  of  all  form  faaturGS  aro  rGprGSGntGd  by  Gquation  5  as  follows: 


p,-b‘<)i0<b<l);(q>0) 

(5) 

N 

(6) 

whGrG  b  IS  a  coirstant  for  coirtrolling  thG  sproad  of  Gquation  5  and  q  is  tho  cumulativP 
penalty.  The  establishment  of  a  suitable  value  for  b  is  discussed  later  in  the  thesis 
The  variable  fj  is  the  penalty  assigned  to  jth  feature  and  N  is  the  number  of  feLres  If 
J  N,  then  the  penalty  is  for  minimum  clearance  between  any  two  features  The 
clearance  penalty  is  discussed  in  a  later  section. 

The  feature  producibility  is  inversely  related  to  a  cumulative  penalty  that 
considers  the  effect  of  each  feature.  Feature  difficulty  can  be  traced  to  a  single  attribute 

redesi^fof  fpart  Precision 

The  issue  of  setting  a  value  for  b  merits  discussion.  This  value  must  be  set 
somewhere  between  0  and  1,  exclusive,  such  that  p,  has  sufficient  spread.  One  doL  not 
want  to  waste  a  good  portion  of  the  range  of  the  function  by  setting  b  either  too  high 
or  too  low.  Figure  26  illustrates  tlie  spread  of  p,  for  a  range  of  b  vafues  From  Figure 
k  H  m  ^  decreases  as  b  decreases,  therefore  a  higher  value  for  b 

both  Filmes  2^and  ^7  'T'  calculated  to  the  nearest  one-thousandth  fo? 

Figures  26  and  27,  and  are  shown  to  be  zero  if  less  than  0.001,  even  though  this 
function  tends  towards  zero  at  infinity.  tnougn  tnis 

^  form-features,  all  with  moderate  levels  of  difficulty 

associated  with  each  feature  attribute.  Clearly  this  is  a  complex  part  by  virtue  of  the 
great  number  of  features  involved.  The  accumulated  penalty,  q,  may  be  in  the 
neighborhood  of  50,  if  all  features  are  half-way  up  the  difficulty^scale.  This  is  a  v^y 
difficu  t  part,  but  not  necessarily  infeasible,  because  each  single  feature  is  not  really 

oripm  t-  ^e  fact  that  part  geometry,  indiyidual  feature-types  and 

orientations,  and  the  number  of  features  inyolved  all  contribute  to  part  complSity  By 

nf  complexity  associated  with  increasing  numbers 

eatures.  Since  simple  features  such  as  cylindrical  holes  and  cuboid  through-steps  are 

in  teCs  nf  '  r  other  than  ID,  one  may  consider  setting  b 

m  terms  of  a  number  of  moderately  difficult  features.  The  yalue  of  b  is  set  at  0  95  for 

this  development  work,  because  a  value  of  0.95  provides  extended  spread  to  include 

features  on  a  single  part,  while  returning  a^decisively  "non- 
Siirb  oe  to  three  decimal  places  and  indicating  severe  inherent  part  design  difficulty 
Such  a  part  design  would  not  likely  be  selected  for  fabrication  if  an  alternate  design 
were  available  or  if  redesign  were  possible.  Please  note  that  if  the  part  design  hfd 
speci  led  only  50  features,  but  all  with  maximum  difficulty  ratings  such  that  a  feature 
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Features  Index,  P4 


b=3 

-3K- 

b=.5 

-Q- 

b=.7 


Figure  26:  Features  Index  Versus  Accumulated  Penalty  for 


various  values  of  Ik 
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penalty  of  1.0  were  assigned  in  each  case,  then  the  features  index  would  be  the  same 

»"dTx;"t 

fahr-  f  hypothetical  features  are  easy  to 

fabricate,  such  as  ID-oriented  cylindrical  thru-holes  and  cuboid  thru-steps  with  liberal 

tolerance  and  surface  finish  specifications.  This  part  design  would  pick  uiTverv  little 
penalty  and  its  features  index  would  approach  1.0,  since  none^of  the  difficulty 
parameters  would  register  significantly.  Recall  that  the  producibility  evaluation 
framework  included  cost  estimation  as  part  of  the  comprehensive  evaluatiL  The  total 
machining  time  for  the  part  design  would  be  used  to  help  estimate  the  m^hinl^^  ^ost 
which  would  increase  with  the  machining  time.  Thus  the  cost  estimate  would  reflect  the 
demand  on  manufacturing  resources  that  is  made  by  even  the  easiest  features. 


Figure  27:  Features  Index  Versus  Accumulated  Penalty  For  Fligher  Values  of  b. 
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D3.4.1  The  Base  Part(Oth  Feature) 

The  base  part  is  referred  to  as  the  0th  feature,  because  it  is  the  first  feature  in  the 
product  model's  feature  list  and  is  numbered  zero.  The  special  case  of  the  base  part 
considers  only  tolerance,  surface  finish  and  shape.  The  tolerance  and  surface  finish 
specifications  of  the  base  part  are  used  directly,  but  the  shape  of  the  stock  material  is 
used  in  place  of  the  base  part  shape.  The  base  part  is  currently  cuboid  for  all  cases,  but 
the  stock  can  be  of  several  different  shapes.  The  fact  that  the  base  part  is  always  cuboid 
means  that  no  information,  with  regard  to  relative  difficulty  between  part  designs,  is 
available  if  the  base  part  shape  is  used.  Fixturing  difficulty  can  be  captured  if  the  stock 
shape  is  used,  because  of  the  challenges  presented  by  various  stock  geometries.  If  the 
base  part  shape  were  variable,  then  one  may  wish  to  use  both  the  base  part  and  the 
stock  shape.  This  would  capture  the  transformation  of  the  stock  shape  into  the  part 
shape  and  the  possible  changes  in  fixturing  requirements.  This  development  is  not  in 
any  way  limited  to  part  designs  with  cuboid  base-parts.  Stock  shapes  are  defined  as 
rectangular  &  octagonal,  hexagonal,  cylindrical  and  sheet  (rectangular  stock  less  than  1  /4 
inch  thick).  These  categories  are  derived  from  a  consideration  of  stock  material  shapes 
that  are  typically  available,  and  are  listed  in  increasing  order  of  difficulty  with  regard 
to  fixturing  and  handling  on  a  machine  tool.  Sheets  are  considered  to  be  most  difficult 
because  of  their  inherent  lack  of  rigidity.  Cylindrical  Stock  has  limited  stability,  or 
requires  surface  modifications,  unless  fixtured  in  a  V-block  or  three-jawed  chuck. 
Hexagonal  stock  is  likely  to  present  edges  to  fixturing  elements,  while  rectangular  and 

octagonal  stock  are  not.  This  makes  hexagonal  stock  more  difficult  to  fixture  than 
rectangular  or  hexagonal. 


D3.4.2  Individual  Form  Features 

«  f  The  measured  difficulties  for  the  individual  form  features  are  based  on  tolerance 
fud"" type  and  feature  perpendicularity.  The  tightest  tolerance(inches) 
and  surface  finish  (p-inches)  specification  is  selected  for  each  form  feature  evaluation 
The  tolerance  and  surface  specifications  are  strong  indicators  of  difficulty,  because  a 
fhTif  ^  machine  and  tool  classes  can  accommodate  tight  specifications.  Only 

featufe^*^^^  specifications  are  used  because  they  represent  the  worst  case  for  each  forrn 

from  type  of  feature  is  derived  from  the  primitive  type  used  to  make  the  feature, 
from  whether  the  feature  is  a  protrusion  or  a  depression,  and  from  whether  or  not  the 
feamre  has  sharp  corners.  There  are  currently  over  100  named  form  features  each  of 
which  has  been  assigned  to  a  group  based  on  comparable  difficulty.  Certain  feature 
ypes  are  more  difficult  to  fabricate  than  others.  The  primitive  shapef  feature  topology 
depression/  protrusion),  and  corner  radius  condition  are  the  primary  factore  to 
mfluence  which  group  thae  a  given  feature  is  assigned  to.  For  eLmplJ,  fprlmaHc 
raind  pocket  would  be  considered  to  be  more  difficult  than  a  rectang^ar  boss' 

ddferenKated'fmm'^h  “"'ong  *e  most  difficult,  and  must  be 

the  easiest  to  foT-  ™™ogh-dcpressions  and  protrusions  are  among 

the  easiest  to  fabricate,  unless  the  primitive  type  is  difficult  to  fabricate  such  as  an 

elliptical  thru-step.  An  elliptical  thru-step  is  a  step  on  a  part  that  has  an  elliptical  surface 


D51 


profile. 

perpendicularity  of  a  feature  is  established  according  to  the  rules  used  in  the 
bihty  assessment,  and  in  addition,  ID-orientations  are  assigned  no  difficulty  and  2D- 
orientations  are  assigned  less  difficulty  than  3D-orientations.^  ^ 

Equations  7  and  8  capture  the  difficulty  of  a  given  feature  as  follows; 


M 


/-1e 

■'i  r .  . 


Cl., 


e  ,d. , 

Jj<-  ),k 


(7) 


M 


C-Ec 


1-1 


(8) 


Where  q  is  the  sum  of  weights  of  importance  for  each  feature  attribute,  Cj^  is  the  weight 

attribute  of  the  jth  feature,  q,,  is  the  difficulty  assigned  to  Ire 
kth  attribute  of  jth  Feature  and  M  is  the  number  of  attributes.  For  the  base-part  M  =  3 

and  for  the  other  features  M  =  4.  Recall  that  only  tolerance,  surface  finish  and  feature- 
type  are  considered  for  the  base-part. 

D3.4.3  Clearance  Between  Features 

Clearance  between  features  is  computed  by  the  same  method  as  for  technical 
assessment,  but  there  are  no  special  considerations  involved.  The  feature  pair 
with  the  minim^um  non-zero  clearance  is  identified  and  this  minimum  clearance  is  used 
for  applying  the  penalty.  The  difficulty  associated  with  clearance  is  based  on  the 
challenge  of  negotiating  a  cutter  tool  between  two  features  that  are  very  closely  situated. 

he  clearance  of  the  tool  within  this  space  is  the  basis  of  this  criteria.  A  tool  must  be 
able  to  fit  within  the  minimum  clearance,  otherwise  it  is  blocked.  Thin-wall  conditions 
are  also  captured  by  this  parameter.  The  minimum  distance  between  two  depression 
features  can  be  a  thin-wall  condition.  Thin-walls  can  cause  reduced  product  yield  due 
to  material  failure  in  the  wall,  and  can  also  imply  difficulty  for  EDM  processes,  because 
die  thin-wall  translates  into  a  narrow  depression  feature  or  gap  on  the  EDM  electrode. 
This  is  because  the  electrode  is  analogous  to  a  negative  of  the  form  feature  that  it  is  used 
to  fabricate.  This  is  one  reason  why  EDM  is  considered  to  be  more  difficult  than 
traditional  machining.  The  electrode  must  be  machined  before  the  part  can  be 
processed,  which  involves  producibility  evaluation  of  the  electrode,  as  well  as 
subsequent  process  plan  generation  and  NC  programming.  The  minimum  clearance 
between  form  feature  pairs  is  used  for  this  penalty  for  either  of  the  two  cases;  thin-walls 
or  tool  path  negotiation.  The  penalty  for  clearance  is  assigned  to  which  is  the  last 
penalty  accumulated  into  q. 

D3.5  Procedure  for  Computing  the  Producibility  Index 

Now  that  the  parameters  have  been  introduced  and  discussed,  and  the  equations 
for  computing  the  producibility  index  are  developed,  please  refer  to  Figure  28  for  an 
Illustration  of  the  procedure  for  computing  the  index.  The  first  two  steps  are  to  link  to 
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Figure  28: 
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Procedure  for  Compuling  the  Producibility  Index. 
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feasibility  status.  If  the  status  of  the  part  design  is 
feasible  then  the  procedure  continues,  else  it  terminates.  Activity  numLr  one  if  the 

w3 TnSfef  p  Ld  p' foll?^'^ 

g  t  indices,  and  p,,  follow  in  succession  and  are  computed  according  to  eauations 
3  and  4  respecuvely.  Activity  number  4  is  the  computation  of  the  penal? for  the  tee- 
part,  which  is  made  according  to  equations  7  and  8.  For  the  case  of  the^base-part  the 
va  ue  of  M  is  equal  to  3,  which  allows  for  consideration  of  the  minimum  tolerance 
specification,  smoothest  surface  finish  specification  and  feature-type  parameters  from 
which  a  weighted  mean  penalty  is  based.  After  the  base-part  penahy^f 

^°°P  computes  a  penalty  for  each  subsequent  form  feature 
according  to  equations  7  and  8.  Recall  that  M  is  equal  to  4  for  all  Matures  except  the 

repeSd  for  N^fe  f  orientation  parameter.  Thus,  activity  numbef  5  is 

repeated  for  N-1  features.  Because  the  base-part  is  counted  as  feature  number  j  =  0  the 

ast  feature  is  numbered  j  =  N-1  and  the  minimum  feature  clearance  is  numbered  j  =  N 
The  penalty  assignment  for  clearance  is  therefore  the  last  penalty  assigned.  The  total 

p  ^o^P^ted  according  to  equation  6,  and  then  the^features  index, 

P4,  is  calculated  according  to  equation  5.  Now  that  activity  number  8  has  been 
completed,  the  composite  index  can  be  computed  according  to  equation  1  The 
producibihty  indices  and  the  individual  penalties,  through  f^.,  are  then  stored  for  later 
evalulto  d'ate'!^  ^  evaluation  data  is  stored  with  the  part  ID,  part  version  and  the 

D4.  Summary  of  the  Development 

frameJnrl  development  began  by  presenting  a  producibihty  evaluation 

framework  that  was  then  examined  for  elements  that  could  be  developed  into  fully 
functional  methodologies  for  implementation.  Technical  feasibility 
assessment  design  producibihty  rating,  cost  estimate,  quality  rating  and  schedule 
assessment  are  the  elements  of  the  comprehensive  producibihty  evaluation 
mework.  The  technical  feasibility  assessment  and  design  producibihty  rating 
ements,  enacted  prior  to  process  plan  generation,  are  the  chosen  elements  for 

f  structure  is  presented  in  Figure  29  that  illustrates  the 

framework^  and  details  the  developed  elements.  The  icon  labeled  "Producibihty 
Evaluahon  represents  the  superclass  of  the  structure.  For  example,  a  technical 
easibihty  assessment  is  a  producibihty  evaluation,  a  design  rating  is  a  producibihty 
evaluation,  a  cost  estimate  is  a  producibihty  evaluation,  etc.  All  producibihty 
evaluations  inherit  the  part  ID,  part  name  and  part  version  from  the  product  model  as 
a  necessary  means  of  properly  linking  the  evaluation  to  the  correct  product  design.  Each 
evaluation  could  be  rnade  on  a  different  date,  so  a  separate  date  attribute  is  required  for 
each  class  of  producibihty  evaluation.  ^ 

The  technical  feasibility  check  has  1  global  check  and  1  or  many  feature  checks 
The  checks  provide  information  in  the  form  of  the  feasibility  status  and  additional 
comments.  A  feasibility  check  for  a  feature  has  the  added  attribute  of  the  feature  ID  so 
lat  the  status  of  a  given  feature  can  be  effectively  linked  to  the  feature.  The  status  of 
the  part  design  is  determined  by  performing  a  systematic  search  for  feasible  material. 
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PRODUCIBILITY  EVALUATION 
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Figure  29:  Producibilil,  Evaluation  Ciass  Structure. 
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machines  and  tools  for  fabricating  every  form  feature  per  plans  and  specifications. 

he  design  rating  is  the  producibility  index  developed  in  this  chapter  and  it  is 

iX  P  E  Jpri  ““Posile  producibility 

dex,  r,  the  material  selection  index,  p„  the  part  size  index,  p^,  the  part  weight  index^ 

P3,  the  features  index,  p„  the  clearance  penalty,  f^,  and  the  accumulated  penaltf  q  Each 

foftT  ^  ^  ^ean  weighted  penalty  and  four  difficulty  r^'t?ngs-  d 

tolerance,  d2  for  surface  finish,  dg  for  feature-type,  and  d4  for  orientatio/  The  base^ 
part  IS  an  exception  to  this  general  structure,  because  the  odentation  parameter  ifnot 
addressed.  Such  a  structure  as  the  producibility  framework,  particular^  the  developed 
al  1?  the'cSe^  ^  ^  implemented  in  a  feature-based  object-oriented  environmLt, 

D5.  Implementation  and  Validation 

This  method  could  be  implemented  manually  with  step  by  step  instructions 

Tnd  ta  wLToSct  TV  “d  Kharis,  and  which  equations  to  use 

and  in  what  order.  This  would  be  very  time  consuming  for  even  a  simple  part  with  but 

a  few  form  features,  especially  when  performing  the  feasibility  assessment  An 

improvement  over  manual  implementation  is  interactive  computer  implementation  A 

information  about'the 

ql  L  "^1'  u  according  to  the  user's  response.  This  is  quicker  than 

e  manual  method,  b^ut  would  still  be  time  consuming  and  tedious  because  of  the  delay 
between  prompts  and  responses.  A  fully  automated  computer  implementation  is  the 
most  efficient  way  to  utilize  this  method.  Automation  saves  time  and  saving  time  saves 

justification  for  new  technology  such  as  this  This 
practical  implemented  as  a  fully  automated  computer  system  to  make  it 

The  method  has  been  implemented  in  C++.  This  software  is  supported  by  a 
network  of  work  stations,  dominated  by  a  Sun/SPARCIO,  which  is  host  to  the  Unix- 
based  Integrated  Product/Process  Development  System  Software  located  in  the 
Concurrent  Engineering  Research  Laboratory(CERL)  at  Florida  International  University 

rho  CSG/B-rep  product  modeler(  for  details  refer  to 

Chen  and  Wu  [6]  ),  a  feature  extractor,  a  tolerance  modeler,  manufacturing  resource 
manager  and  knowledge  manager.  An  object  oriented  database  is  used  for  storing 
product  data,  manufacturing  resource  data  and  rules  for  the  knowledge  base  This 
system  represents  the  software  and  is  illustrated  in  Figure  30.  The  applications  software 
programs  are  shown  on  the  right  side  of  Figure  30,  while  the  support  software  programs 
are  shown  on  the  left.  The  various  classes  of  data  that  are  stored  in  the  object-oriented 

database  are  shown  in  the  center  of  Figure  30.  For  a  detailed  description  of  this  system 
refer  to  Chen,  et  al.  [7].  ^ 

One  critical  element  of  the  system,  with  regard  to  supporting  producibility 
evaluation,  is  the  manufacturing  resource  database.  This  database  contains  material  tool 
and  machine  instances  of  their  respective  classes,  with  their  respective  attributes. 
Material  attributes  include  dimensions,  shape,  material  type,  AISI  code,  availability 
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Figure  30:  Integrated  CAD/CAM  System  Configuration 


D57 


c  tus,  and  source  Weight  per  foot,  cross-sectional  area,  and  the  total  weight  of  the 
ock  piece  are  available,  as  well.  The  tool  attributes  include  tool  type,  tool  holder  type 
maximum  tool  assembly  dimensions,  material  cut  capability,  surface  finish  capabnhy' 
cutter  dimensions,  insert  information,  and  other  information.  The  machine  attribute's 

envelope  dimensions,  table  weight  capacity,  tool  travel 
capability,  tool  holder  type,  position  accuracy  &  repeatability,  and  i^therf  nformation 

-ock  material  and 

i.hio  critical  element  is  the  computer  implemented  feature-machine-tool(FMT) 

c  ble,  which  permits  rapid  identification  of  feasible  FMT  combinations  at  the  class  level 
^  simplifies  the  search  algorithms,  by  acting  as  a  buffer  to  prevent 

ndesirable  combinations  from  being  considered.  The  FMT  table  is  implemented  as  a 
m  I.-  ™'|o-ore  classes,  each  with  a  list  of  compatible  machine  tool  classes.  Each 
machine  tool  class  has  its  own  list  of  compatible  tool  assembly  classes.  This  structure 

permits  cross-referencing  at  the  class  level.  The  FMT  table  is  located  in  the  knowledge 
base  of  the  object-oriented  database.  i^iuwieuge 

The  product  modeler  is  the  means  by  which  product  data  is  supplied  to  the 
evaluation  program.  Product  data  is  saved  to  the  object  oriented  database,  where  the 
producibihty  evaluator  will  have  access  to  it.  Product  data  includes  the  part  ID  part 
name,  version  number,  material  type,  AISI  code,  designer's  name,  the  design  date'  and 
any  tolerance  reference  datums.  In  addition  to  the  part  data,  there  is  a  set  data  for  each 
form  feature  The  feature  data  includes  feature  ID,  feature  type,  feature  orientation, 
feature  rotation,  feature  dimensions  and  location,  tolerances  and  surface  finish 

^  ^  ^here  is  also  information 

about  the  faces  of  each  feature,  such  as  their  orientations  and  whether  they  are  trimmed 

faces  or  not.  A  trimmed  face  is  a  face  such  as  the  opening  to  a  cuboid  pocket,  while  the 
remaining  faces  represent  the  walls  of  the  feature.  ^ 

^  ro  check  is  made  by  an  on-line  command,  feacheck,  that  is  made  from 

a  regular  X-wmdow  on  the  screen,  and  the  producibility  index  is  called  from  a  custom 
-window.  Figure  31  illustrates  the  window  for  computing  the  index.  The  system  is 
fully  automatic  The  user  is  first  presented  the  option  of  selecting  a  product  model  from 
the  database_  Upon  making  the  selection  of  a  part  model,  the  user  is  prompted  to 
choose  one  of  three  options:  (1)  display  the  producibility  already  stored  in  the  database; 
(2)  calculate  he  producibility  for  the  part  model;  or  (3)  save  the  producibility  to  the 
aatabase.  All  other  operations  are  done  automatically  by  the  program. 

•  .  implementation  of  the  technical  feasibility  method  followed  the 

mtent  of  the  flow-charts  very  closely,  there  are  some  points  that  need  to  be  explained 
The  implemented  version  tests  only  2  1/2  D  form-features  that  have  ID-orientation  If 
the^feature-type  is  not  recognized  by  the  system,  then  the  feature  is  flagged  as  infeasible 
and  the  part  design  fails  the  feasibility  test.  A  message  is  sent  to  the  X-window  that  an 
unknown  FMT  feature-type  has  been  identified.  If  the  feature  orientation  is  not  ID  then 
the  prograrn  flags  the  feature  as  infeasible  and  sends  a  message  that  the  feature  is  not 
ID-  oriented.  If  the  material  specification  does  not  match  any  listed  in  the  material 
database,  then  the  design  fails  the  test,  and  a  message  is  sent  informing  the  user  that 
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□  Display  the  Machine  PraducibUity  in  Database 

13  Calculate  the  Machine  Producibility  for  the  product 

□  Save  the  Producibility  into  the  Database 
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either  the  material  type  or  AISI  code  is  not  found,  whichever  is  the  case. 

D5.1  Parameter  Value  Assignments 

r^rnri  assigned  to  the  parameters  established  in  the 

producibility  evaluation  model.  A  brief  explanation  will  accompany  each  assignment 
The  weights  of  contribution  are  established  according  to  relative  rank,  where  a  Wrer 
nked  parameter  is  assigned  more  weight,  because  the  more  important  parameter^ are 
assumed  to  have  more  irnpact  on  producibility  and  the  weights  reflect  this.  The  range 
of  ddficulty  evaluations  for  feature  parameters  is  set  from  0  to  1  in  order  to  remafn 
co™  with  the  mechanics  of  the  producibility  equations,  which  al^o  hLe  a  rTn^e 

D5.1.1  Global  Parameter  Value  Assignments 

,  .  "^^^^shold  size  is  set  at  3  inches  (United  States  Customary  Units(USCU))  Recall 

on  ^  “  ft  “d  height.  A  cube  one  inch 

f  ^  small  part.  A  size  of  3  inches 

e  lects  the  author  s  opinion  regarding  threshold  difficulty,  and  is  based  on  the  perceived 

handling  and  setup  difficulty  that  such  a  small  part  represents.  This  size  pcWt  wTuld 
be  small  compared  to  most  fixturing  elements  that  may  be  used  to  constrain  h.  Persons 

the  machining  process  may  very  well  have  their  own  opinion 
regarding  the  value  of  this  parameter.  ^ 

r  -c  /^^^^.t^^^shold  weight  is  set  at  W,  =  50  pounds  USCU,  and  represents  the  upper 
limit  for  pick  and  place  transfer  by  manual  means.  This  figure  is  in  agreement  wUh 
current  ergonomic  standards  reported  by  Waters,  et  al.  [8].  The  maximum  weight, 

noundt^r  capacity  in  the  database,  presently  1000 

po  mds,  because  no  feasible  part  can  weigh  more  than  this  amount.  Finally,  the  actual 
part  weight,  W3,  is  estimated  by  the  product  of  the  volume  and  density  of  workpiece, 
w  lere  the  rectangular  volume  of  the  entire  part  envelope  is  used.  This  is  a  conserfltive 
assumption,  because  the  actual  weight  of  the  part  decreases  with  material  removal 
however,  part  weight  is  a  global  parameter  so  the  greatest  weight  of  the  part  is  used.' 

D5.1.2  Feature  Parameter  Assignments 

base  part  has  its  own  set  of  parameter  values.  Tolerance  and  surface  finish 

ThP  bnlp  features,  but  the  weighing  factors  are  different. 

e  base-part  is  penalized  based  on  the  stock  shape.  Sheet  is  penalized  with  the 
maximum  value  of  1.0,  cylindrical  is  penalized  0.7,  hexagonal  is  penalized  0.2,  and 

u  penalized  0.0.  Sheet  stock  is  penalized  the  most  because 

It  IS  flexible,  cylindrical  stock  is  strongly  penalized  because  its  roundness  makes  it  more 
difficult  to  restrain  except  by  a  three-jaw  chuck  or  V-block,  and  hexagonal  stock  receives 
a  minor  penalty  because  it  has  the  potential  for  presenting  an  edge,  rather  than  a  plane 
surface,  to  a  fixturing  element.  The  weights  of  contribution:  for  tolerance  c,,  =  2-  for 
surface  finish  Co,2  =  2;  and  for  part  shape  Cq,,-,  =  1.  0,1  . 

1A7  •  1  P^^^bies  for  tolerance  and  for  surface  finish  are  provided  in  tables  III  and  IV. 
eig  ling  factors  for  feature  evaluation  are:  for  tolerance  q ,  =  4;  and  for  surface  finish 
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Cj,2  =  4.  The  values  for  tolerance  are  based  on  TMEH  [9]  and  the  values  for  surface  finish 
are  based  on  TMEH  [10].  Note  that  the  maximum  penalty  for  tolerance  is  assigned  to 
what  is  commonly  considered  a  high  precision  tolerance.  The  maximum  penalty  for 
surface  finish  corresponds  to  a  mirror-like  surface. 


Table  III:  Difficulty  Value  Assignments  for  Tolerance. 


tolerance 

>0.01 

>0.005 

>0.001 

>0.0005 

<0.0005 

difficulty,  d,-  j 

0 

0.25 

0.50 

0.75 

1.00 

Table  IV;  Difficulty  Assignments  for  Surface  Finish. 


finish 

>128 

>63 

>32 

>16 

<16 

difficulty,  dj  2 

0 

0.25 

0.50 

0.75 

1.00 

Difficulty  for  feature  type  is  assigned  according  to  table  V.  The  weighing  factor 
is:  Cj3  -  2.  As  new  feature  types  become  available  they  will  be  placed  in  the  appropriate 
group  according  to  the  criteria  discussed  in  section  D3.  If  an  undefined  feature  is 

encountered  then  a  default  penalty  corresponding  to  that  of  group  5  is  applied  as  a 
conservative  measure.  or  rr  / 


Table  V:  Difficulty  Assignments  for  Form-feature  Type. 


group 

1 

2 

3 

4 

5 

0 

0.25 

0.50 

0.75 

1.00 

Difficulties  for  perpendicularity  are:  ID-orientation-^d  4  =  O'  2D  &  3D- 
onentalion.^d|,,  =  0.7.  Currently,  the  program  only  differentiates  between  1  D-orientations 
and  those  that  are  not.  Since  there  is  no  differentiation  between  a  2D-orientation  and 
a  3D-onentation,  a  value  of  0,7  is  used  so  that  the  net  penalty  for  all  feature  orientations 
IS  neither  under  evaluated  nor  over  evaluated.  The  weighing  factor  is  c ,  =  1. 

nr  FHM  “^er  very  small  traditional  machining  tools, 

or  EDM  machining.  Clearance  of  less  than  1/16  inch  implies  possible  difficulty  in 
fabricating  an  EDM  electrode,  because  a  1  /16  inch  gap  on  the  part  correlates  with  a  1/16 
inch  hm-walled  region  on  an  EDM  tool.  For  clearance  greater  than  1/8  inch  the  penalty 

itan  l’/\?inTJh  ^^5*’  w'*  dearame  less 

than  1/16  inch  the  penalty  is  1.  Here,  f,  for  clearance  is  the  Nth  f-value  computed. 


D5.2.  System  Evaluation 

In  order  to  determine  if  the  computer  programs  were 
some  testing  was  done.  This  testing  also  provided  a  basis  for 


performing  as  intended, 
judging  the  performance 
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pro‘^rar»d  enVw,fh'*r  t  'r  "  fe-''sibilily 

p  ogram  and  end  with  the  producibihty  evaluator.  In  most  cases  the  carts  uspH  fZ 

p?r te®were  programs  were  the  same,  though  some  additional 

V  !-•  ^  ‘^y  the  feasibility  program  to  check  tool  clearance  and  tnvpl 

Verification  of  the  technical  feasibility  tests  was  made  by  either  setting  up  a  part  design 
that  was  known  to  be  infeasible  for  a  specific  reason  such  as  induding  fsa^are 
cornered  pocket  in  the  design,  and/or  by  reviewing  the  stock  material  machfne  and  tool 
instances  that  were  selected  for  each  feature.  If  the  selecUons  made  sense  he  test  wa 

r  fame  “It' T  -“y /--ble  machine  and  tool  combinationstr 

tne  same  form-feature.  Verification  of  the  producibility  program  was  made  bv 

mogtm""w’'t'^"  -i*  *0-  obteineTb;  till 

p  ogram.  Since  a  Sun  workstation  computes  to  more  significant  figures  than  a  hand 
calculator,  the  two  sets  of  values  were  not  expected  to  be^identical'  brn  diXe  to  te 
dose.  For  example,  a  calculator  value  of  0.88756  for  the  features  index  was  considered 
verification  of  a  corresponding  computer  value  of  0.88568. 

rprn  ^  feasibility  program  involved  checking  if  the  program 

recognized  different  features  by  evaluating  several  simple  part  designs  on  tlae  system 

formlfelZms  '’onZiZ'  P="''  ™‘*'  ‘'■ddibonal 

system's  feature  capability  checked  out,  the  next  step  was  to 
test  the  ability  to  execute  the  higher  level  functions,  such  as  tool  clearance  checking.  The 

rpa"^d  f  fhis  section  were  used  to  test  the  feasibility  prograrn  with 

egard  to  its  ability  to  check  tool  clearance,  tool  travel,  work  envelope  capacity^  tolerance 

tool  corner  radius  capability,  and  featurf  depressions  against 

tool  dimensions.  The  examples  will  be  discussed  later  in  this  section.  ^ 

f  f  P  The  producibihty  evaluation  program  was  tested  with  part  designs  that  were  used 

size^  of  ?he^  b'nf '  parameters  were  checked  by  varying  tlie 

tP^fPd  h  F-Z  '  ^  materials  of  different  density.  Machinability  was 

e  ting  iLSatd  b"'"'  extent  of  the 

g  IS  i^strated  by  a  few  selected  example  part  designs  that  will  be  discussed  next. 

specificatif^^is  Thlfw"  I  Z"  "  flatness 

infnr^  f  the  Capability  of  the  system  to  capture  tolerance 

comD^nemM  Z  tolerances,  could  have  real-life  application  as  an  optical 

component  Mirrors  and  reflectors  are  commonly  machined  from  aluminum  and  require 
unique  surface  specifications.  PartO  has  a  minimum  surface  roughness  of  25  u-inch  and 
a  minimum  flatness  tolerance  of  0.001  inch.  The  feasibility  program  selected  rectangular 
stock,  and  ideritified  the  availability  of  a  mill  type  machine  and  endmill.  ^The 
producibihty  index  is  0.891,  which  is  considered  highly  producible. 

nrni^r  IS  used  to  test  the  clearance  checking  segment  of  the  feasibility 

program.  Two  rectangular  bosses  are  provided  a  relatively  wide  clearance.  Rectangular 
stock  IS  selected  and  a  mill  type  machine  and  endmill  are  selected.  The  producibility 
index  IS  0.900.  Though  this  part  requires  the  milling  of  two  additional  form  features,  it 

IS  as  easy  to  fabricate  as  PartO,  because  tolerances  are  not  specified  and  are  therefore  not 
penalized. 
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Part2  of  Figure  34  and  Part3  of  Figure  35  are  used  to  test  for  differentiation 
between  sharp-cornered  and  radius-cornered  depressions.  Clearance  between  form 
features  is  also  tested.  Part2  and  Part3  are  virtually  identical,  except  that  the  blind 
cuboid  depressions  are  square-cornered  and  radius,  respectively.  Consequently,  Part2 
IS  not  feasible,  while  Part3  is  feasible.  Part  2  is  infeasible  because  no  feasible 
machine/tool  combination  exists  in  the  database.  EDM  can  produce  these  features  but 
there  is  no  EDM  electrode  with  suitable  dimensions.  This  is  one  of  those  cases  where 
either  the  part  must  be  modified,  or  the  manufacturing  resources  enhanced  If  one 
considers  Part3  to  be  a  modification  of  Part2,  then  the  concept  of  precision  part 
modification  has  been  demonstrated.  The  producibility  index  for  Part3  is  0.889.  Note 
that  tolerance  was  not  considered  here,  which  contributes  to  a  very  high  producibility. 
ased  on  the  results  of  the  tests,  the  overall  capability  of  the  system  is  good, 
e  system  has  some  trouble  dealing  with  features  that  are  not  oriented  alone  a 
coordinate  axis,  because  of  a  peculiarity  of  the  product  modeler.  The  modeler  places 
each  feature  within  a  cuboid  bounding  box,  and  the  vertices  of  the  bounding  boxes  of 
any  two  features  are  used  to  measure  the  minimum  distances  between  them.  If  the 
feature  is  no^t  cuboid  there  is  automatically  a  possibility  for  discrepancy  between  the  true 
minimum  distance  and  the  one  obtained  via  bounding  box  vertices.  The  same 
IS  jepancy  occurs,  even  for  cuboid  features  in  this  case,  when  two  features  are  on  a 
Toxtfnf  .‘^'fferent  locations  along  the  slope.  In  this  case  the  bounding 

are  “  “"dilate  axis,  while  the  feature! 

are  oriented  along  the  normal  to  the  wedged  face.  In  order  to  place  a  bounding  box 

the  true  minimum  dislnce 

must  be  known  somewhere  in  the  program,  but  are  not  available  for  use  by  applications 

Se™  F?gu!e  sSuTaZ”  ^ 

advantage  of  EDM  capability,  because  most  EDM 
too  s  are  custom  Items  and  are  not  supported  by  the  manufacturing  resourcermodel 

elechodL”  tTc  considered  for  fabrication  by  EDM 

Sher  ihpf  tool  assemblies,  because 

either  the  feasibilhy  program  nor  the  manufacturing  resource  model  presently  handle 

tool  assembly  synthesis.  Future  expansion  of  the  producibility  evaluation  methodologv 

^cc  pr0‘^ucibihty  program  returns  values  nearly  instantly,  but  the  feasibilitv 

assessment  program  can  take  a  few  minutes  to  evaluate  a  part  with  many  features  S 
assessment  time  duration  is  a  result  of  the  many  nested  loo^  that  arfusL  for 

o  the  feasibility  parameters.  For  the  purposes  of  testing,  the  number  of  tool  material 
and  machine  instances  in  the  database  was  kept  relativel^ow.  ThrexecutiokTm^^^^^^^ 

r\  1  ^  program  can  be  expected  to  increase  as  more  objects  are  loaded  into  the 

database,  because  the  loops  will  become  longer. 

D5,3  A  Walk-Through  Example 

Part4  of  Figure  37  has  three  versions  that  are  all  geometrically  identical.  The 
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Figure  35:  Part  3. 
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COMPUTED  MINIMUM  DISTANCE 


front  view  only 


l'ig.TC  .V,:  Illuslrati,,,,  „f  |Cn„r  i„  Tool  Ck.a.-..,„cc  Check. 
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Figure  37:  Part  4. 
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differences  between  the  three  versions  are  distinguishable  by;  (1)  Aluminum  5005  with 
no  tolerance  specifications;  (2)  Stainless  Steel  414  with  no  tolerance  specifications-  (3) 
Stainless  Steel  414  with  a  position  tolerance  of  0.01  inch  assigned  to  the  ^ 

Sed‘'on^:e‘^g^bo"r““ 

nrncT  version  4.1,  rectangular  aluminum  stock  was  chosen  by  the  feasibilitv 
program,  and  a  rectangular  stainless  steel  stock  was  chosen  for  version  4  2  and  4  3  The 
feas.b.hty  program  chose  a  milling  machine  and  an  endmill  for  Ihe  prieveUs sesLInt 

after  simpk  Tnd  fe  sftVf”  "-‘-s  o^STre 

ratner  simple,  and  feasibility  was  not  an  issue.  The  goal  here  is  to  demonstnte  fha 

performance  of  the  producibility  index  program.  ^  demonstrate  the 

mi  shows  how  the  producibility  index  responds  to  changes  in  material  tvpe  and 

”  P^ducibiliey  from  Part4.2  to  Part43  is  smaS  whfch  wat 
expected.  Since  the  position  tolerance  does  not  pick  up  a  penalty,  there  is  only  one 
tolerance  affecting  fte  entire  part;  surface  finish.  If  the  response  had  been  large  for^only 
srt  f  specificahon  the  features  index  would  decay  to  nearly  zero  fof  a  modes'^ 
e  of  tolerance  specifications.  As  it  is,  the  index  can  gradually  accumulate  many 
o  erances.  For  example,  if  the  same  surface  finish  specification  were  assigned  to  all  23 

trd“be°0  63T  '“'“T  ‘h®  '°‘el  index 

Tahable  in  the  "’‘‘'’"’P'"  sensitiyity  that  is 


Table  VI;  Producibility  Values  for  Example  Parts  0  Through  4 


Part 

Name 

Material 
Index,  pi 

Size 

Index,  p2 

Weight 
Index,  p3 

Feature 
Index,  p4 

Total 
Index,  P 

PartO 

0.9 

1 

1 

0.989794 

0.890814 

Parti 

0.9 

1 

1 

1 

0.90 

Part2 

0 

0 

0 

0 

0 

Parts 

0.9 

1 

1 

0.988040 

0.889203 

Part4. 

1 

0.9 

1 

1 

0.988004 

0.889203 

Part4. 

2 

0.716667 

1 

1 

0.988004 

0.708069 

Part4. 

3 

0.716667 

1 

1 

0.979101 

0.701689 

program.  The  producibility  indices  for  the  parts  are  provided  in  table  VI. 

Note  from  Table  VI  how  the  producibility  indices  for  size  and  weight  are  unity 
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for  all  examples,  this  is  because  all  of  the  example  parts  are  well  within  the  threshold 
limits  that  have  been  set  for  size  and  weight.  Further  note  that  a  part  will  rarely  be 
penalized  for  size  or  weight,  and  even  more  rarely  will  a  part  be  penalized  for  size  and 
weight  simultaneously.  Small  size  and  heavy  weight  tend  to  be  mutually  exclusive 
states. 


D6.  Conclusion 

This  chapter  is  composed  of  two  sections.  The  first  section  is  a  summary  of  what 
has  been  done  and  the  results  of  the  development  and  implementation,  and  the  second 
section  highlights  the  areas  for  future  research. 


D6.1  Summary 

A  method  for  producibility  evaluation  prior  to  process  plan  generation  has  been 
developed  and  implemented  into  a  producibility  evaluation  system.  The  method 
evaluates  prismatic  parts  with  ID-orientation  features  by  checking  technical  feasibility 
and  then  computing  a  composite  producibility  index  that  is  based  on  difficulty.  Example 
parts  that  demonstrate  the  capability  of  the  system  have  been  provided  in  Chapter  4. 

A  candidate  part  is  determined  to  be  technically  feasible  if  suitable  stock  material 
is  found,  and  machine/tool  combinations  are  identified  such  that  every  form  feature  on 
the  part  can  be  fabricated.  Infeasible  form  features  are  identified  and  recorded.  By 
demanding  a  direct  match  between  design  intent  and  manufacturing  capability,  this 
method  is  dynamic  rather  than  static.  A  static  method  may  employ  a  set  of 
manufacturing  rules  that  are  used  to  determine  feasibility,  but  this  type  of  assessment 
is  not  adaptable,  and  requires  continuous  revision  of  the  rules  in  order  to  stay  current. 
The  method  presented  in  this  thesis  requires  an  inventory  of  stock  materials,  machines 
and  tools  for  checking  feasibility.  A  new  item  is  merely  added  to  the  inventory,  and  it 
can  then  be  used  in  the  feasibility  check.  If  the  item  is  not  within  the  scope  of 
application,  then  it  can  not  be  added  until  the  methodology  and  implementation 
program  are  expanded. 


The  method  is  comprehensive  in  that  it  checks  feasibility  and  evaluates 
{^oducibility  of  individual  form-features,  as  well  as  global  parameters  associated  with 
the  entire  part  design.  The  ability  to  capture  manufacturing  difficulty  at  the  attribute 
level  of  a  single  feature  makes  this  a  precision  tool  for  product  redesign.  This  precision 
tool  ran  streamline  product  design  by  allowing  the  designer  to  focus  on  problem  areas 
within  the  doniain  of  a  single  feature.  The  producibility  index  is  particularly  powerful 
because  of  its  simplicity,  range  of  evaluation,  and  its  ability  to  be  customized  to  meet  a 
particular  user's  manufacturing  environment.  The  index  can  be  customized  by  adjusting 
the  parameters  in  the  equations  for  P„  P,  and  P3.  For  example,  in  P^  one  may  wish  to 
use  a  different  threshold  size  than  3  inches.  The  index  can  be  further  customized  by 
setting  the  value  of  b  m  P^.  The  value  of  b  affects  the  spread  (useful  range  of  the 
function  )  of  P4  by  making  the  equation  either  more  or  less  sensitive  to  the  cumulative 
eature  penalty.  Since  this  is  an  exponential  decay  function,  a  higher  sensitivity  results 
m  quicker  decay  and  smaller  spread,  while  the  opposite  occurs  for  lower  sensitivity.  As 
approaches  1.0  the  spread  increases.  Finally,  one  may  customize  the  index  by 
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or  a  marksman  slghteTn  a  rffle  ' “  i~en, 

generalbations Vemmadl  ThesTsi±nn!"a?  ->d 

valid.  The  result  is  rmethnH  Zr  T  ™*‘dored  to  be  reasonable  and 

issues.  The  major  simplifications  amdtcus'seVnexT 

ita  locnUystm^WsTs  fefelnt  ”‘'>'<^3 

to  consider  all  tools  and  machines  aran^Sn  tht  ™rld®NrdneT‘*“”'^T 

X^n^rciir  t 'rL';"sr  *“ 

machines  and  oof thlttn  maX  r  r,‘'!!r”  P™*"”  f"  ‘hose 

f Xertfce '  ®“rf 

f  trr,S'  H  dimensions  are  considered.  For  example  a  drm's 

S:“e  Sri^rXifictf  m  ‘^^-hole. 

currentXwmv'f  thffeas^Km'  “  ™P'^"'""'«d-  has  some  significant  limitations.  The 
features,  l^ru  this^domafTnX  rX^birSn^^f 

This  development  does  not  consider  3D  form  features,  but  that  does  not  mean  that 
general  methodology  could  not  be  applied  to  these  types  of  features  If  such  an 

^  reevaluate^the  development  in  oSerTo 

entify  all  areas  where  revisions  would  be  required.  What  has  already  been  learned  bv 
mplementing  the  current  development  would  make  extension  easier  Extending  the 
producibihty  evaluation  method  would  be  easier  than  extending  theTetibil 
assessrnent  method,  because  the  evaluation  method  is  simpler  and  more  modSar  ^ 

•  f  flexible  with  respect  to  new  machines  and  tool  assemblies  bv 

virtue  of  the  modular  structure  of  the  FMT  tables  and  the  manufacturing  resource  daD 

the  hT  introduced,  one  would  merely  nf ed  to  add  it  to 

l^e  da  a  structure  as  a  new  class.  If  this  new  class  had  any  previously  undefhJd 

feisiVlf'  would  need  to  be  accounted  for  in  the  applications  programs  for 
ea  ibihty  and  producibihty.  The  FMT  tables  could  be  reviewed  to  determfne  which 
features  the  new  machine  and/or  tool  class  can  fabricate. 

The  producibihty  index  captures  difficulty  associated  with  material  selection  part 
size,  part  weight,  and  individual  form  features.  The  cumulative  effect  of  T  form 
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features  is  used  in  computing  the  index,  but  knowledge  regarding  the  contribution  to 
difficulty  made  by  individual  attributes  of  a  single  form  feature  is  readily  available.  This 
index  is  simple,  yet  manages  to  capture  overall  producibility,  as  well  as  feature  specific 
producibility,  with  a  relatively  small  set  of  parameters. 


D6.2  Recommendations 

This  method  can  be  improved.  Now  that  the  method  has  been  implemented  and 
tested,  opportunities  for  improvement  have  become  evident.  These  opportunities  for 
improvement  are  discussed  next.  The  producibility  index  algorithm  is  completely 
modular  and  can  accept  any  type  of  feature  defined  by  the  system  and  is  essentially 
more  capable  than  the  technical  feasibility  algorithm;  however,  the  index  is  only  valid 
if  It  IS  computed  for  a  feasible  part.  This  makes  computation  of  the  index  reliant  upon 
the  feasibility  checking  capability.  Improving  the  feasibility  assessment  method  is  the 
key  to  improving  the  overall  evaluation  method.  Initial  improvements  should  be  limited 
to  within  the  scope  presented  in  this  thesis.  These  improvements  would  include 
improved  modularity,  refinement  (if  needed)  and  implementation  of  the  feature 
interference  test,  and  extension  of  the  implementation  to  include  otlier  than  ID-oriented 
features.  Methods  of  shortening  the  feasibility  assessment  time  should  also  be 
considered.  One  possibility  for  shortening  the  feasibility  assessment  time  is  to  ignore 
simple  features  such  as  steps  and  cylindrical  holes,  as  long  as  the  minimum  tolerance 
and  surface  specifications  are  above  a  predetermined  level.  Many  part  designs  possess 
large  numbers  of  simple  features  that  may  not  need  to  be  checked,  such  as  Part4  of  the 
test  examples,  which  is  composed  primarily  of  cylindrical  holes.  The  form-feature 
interference  test  probably  could  not  be  streamlined  in  this  manner,  because  relative 
interference.'^  orientations  of  the  features,  and  not  their  basic  geometry/topology  cause 

development  of  the  feasibility  assessment 
method  modularity  was  not  achieved  in  the  travel  test,  nor  in  either  the  clearance  test 
and  tool  dimension  test.  All  three  tests  are  concerned  with  feature  dimensions.  The 
diversity  in  capabilities  of  machines  and  tools  with  respect  to  various  feature  types  as 

"^^ture  of  the  critical  dimensions  from  feature  to  future, 
esult  m  numerous  special  cases  and  exceptions.  Note  that  the  corner  radius  test  is 

though  it  is  a  dimension  test,  because  the  parameter  for  each 
IS  always  corner  radius.  In  addition,  there  are  two  possible  tool  dimensions  to 
check;  cutter  radius  or  edge  radius.  Modularizing  the  rules  for  the  clearance  to^ 
imension  and  travel  tests  would  be  a  significant  achievement,  and  should  be  given 

imoroLd  ri  f  experience  gained  from  this  research,  it  appears^  that 

improved  modularity  can  result  in  a  loss  of  certainty,  because  modularitv  imolies 

IS  less  certa  nty.  The  quality  of  available  information  is  an  essential  element  for  anv 
decision  making  activity.  This  would  result  in  less  accurate  feasibility  assessments  This 

o  but  rather  to  aLJe”:  Ste 

way  to  make  the  feasibility  assessment  more  modular  may  be  to  develop  small  sets  of 

simple  rules  for  each  assessment  parameter.  Each  individual  rule  should  be  simple  and 
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combinaHonr  Sd  "bf  e™lu” td  bv  ba“'  ^''‘''‘“■•^^chine-tool 

address  the  sa^  paramele  bu t  f„  =>'o«ld 

form  a  composite  test  that  is' sufficiently  comme1™ns”r"Themlt'‘‘ 

need  to  be  written  and  linked  such  thaf  nil  foe?  withm  a  set  would 

to  be  positive  The  structure  conditions  must  pass  for  the  part  design 

assessnaent,  because  of  the  loss  of  detaifrerminl 

=B5S~BBB~S 

:vss‘r“-“« 

with  regard  to  designing  custom  EDM  tools  is  that  they  require  their  own  design  efforts 
that  may  me  ude  all  the  activities  required  for  the  original  part  des^n  ThS  added 

not Jnh  technically  fealfbfe  Such 

hs  m?de  consideration,  before  a  serious  de^lopment  effort 

The  recommendations  for  improving  the  method  development  and 
expected  to  make  the  system  more  capable,  especially^with  regard 
the  range  of  application.  Recall  that  standard  (off-shelf)  tool  assemblies^and  general 
purpose  machines  were  specified  in  the  scope  of  the  developmer  Twfdoe?  no't 
necessarily  mean  that  the  implemented  system  is  applicable  to  general  use  The  svstem 
IS  only  capable  of  dealing  with  processes  that  are  within  the  range  of  capability  of  the 
pecified  equipment.  General-purpose  machines  are  merely  m^chines^^at  are  not 
specialized,  such  as  mill  versus  gear  bobbing  machine,  and  doJs  not  imply  that  they  can 
do  everything.  By  adding  new  classes  of  machines,  tools  and  features  ?he  methociwill 
be  extended  more  in  the  direction  of  general  or  universal  utility. 

o,  cliscussion  up  to  this  point  has  been  limited  to  the  machining  process  but  this 
method  IS  generic  enough  in  the  structure  of  the  framework  that  it  could  be  developed 
for  other  processes.  The  producibility  index  for  a  part  design  with  respect  toTne 
process  could  be  integrated  with  those  for  other  processes  for  compiling  a  process- 
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coinprGh.Gnsiv6  producibility  indGx.  A  WGighing  schGinG  would  havG  to  bG  dGVGlopGd 
so  that  thG  rGlativG  impact  of  Gach  contributing  process  on  the  part  design's  producibility 
could  be  captured.  ^ 
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Appendix  E:  Process  Planner 


Appendix  E  :  Process  Planner 


This  system  has  been  developed  to  handle  prismatic  part  designs  with  an  overall  cuboid 
part  shape.  Its  planning  capability  is  limited  to  the  form  features  which  can  be  modelled  with 
the  product  modeling  system  developed  in  this  project.  The  system  is  capable  of  handling  2.5D 
form  features  using  machines  having  up  to  3  axes.  The  planning  system  provides  intermediate 
shape  information  of  the  stock  at  each  machining  stage,  defines  the  material  removal  volume  at 
operation  level  and  relates  each  form  feature  to  a  feasible  machine  and  tool  instance  combination. 
It  also  provides  a  means  to  search  and  optimize  the  process  plan.  This  system  does  not,  however, 
evaluate  fixtures  or  generate  setup  configuration. 

El.  Process  Plan  Class  Structure 

A  hierarchical  object  class  structure  to  organize  a  process  plan  is  shown  in  Figure  El. 
The  structure  organizes  required  machining  activities  and  MR  Vs  in  a  hierarchy.  The  process  plan 
arranges  the  required  machining  activities  into  sub-processes  and  assembles  MRVs  into  MRV 
subsets.  Each  subset  corresponds  to  a  subprocess.  A  sub-process  has  a  part  setup  and  a  number 
of  opeiation  clusters.  A  part  setup  specifies  a  machine  instance  and  a  fixture  assembly  with  setup 
instructions  to  be  used  during  the  subprocess.  It  also  associates  with  an  NC  progi-am  which 
contains  the  machine  code  to  run  the  machine  and  has  a  set  of  machining  parameters  used  in 
this  subprocess.  The  NC  program,  machining  parameters  and  machining  code  are  specified  by 
the  NC  Program  generator.  An  MRV  subset  consists  of  a  number  of  MRVs  to  be  processed  on 
the  same  machine  in  the  same  setup.  Each  operation  cluster  corresponds  to  a  single  MRV  and 
records  the  operations  required  to  remove  the  entire  MRV.  An  operation  is  the  elemental 
machining  activity  toward  the  removal  of  an  MRV  using  exactly  one  cutting  tool.  The  material 
removed  by  an  operation  is  called  an  elemental  MRV.  Consequently,  an  MRV  is  a  collection 
of  elemental  MRVs,  which  number  is  equal  to  the  number  of  the  operations  in  the  corresponding 
operation  cluster.  An  MRV  may  have  one  or  multiple  islands,  which  are  located  within  the  MRV 
and  are  considered  as  a  physical  constraint  to  cutting  tool  access. 


E2.  Process  Planning  Methodology 

As  illustrated  in  Figure  E2,  the  planning  methodology  consists  of  three  major  phases.  In 
phase  one,  the  user  interfaces  with  the  system  to  select  a  product  model  and  a  planning  objective. 
The  product  model  is  retrieved  and  form  features  are  converted  into  a  sequence  of  material 
removal  volumes  (MRVs).  A  material  stock  instance  is  then  selected  from  available  resources 
and  the  additional  material  between  the  selected  stock  and  the  part’s  bounding  box  is  transformed 
into  slab  MRVs.  In  phase  2,  a  feasible  machine  and  its  required  tool(s)  are  selected  for 
processing  of  each  MRV,  while  attempting  to  minimize  the  number  of  required  workpiece  setups. 

In  phase  three,  alternative  plans  are  generated  and  evaluated  to  identify  the  optimal 
process  plan  according  to  the  specified  planning  objective.  The  procedure  includes  two  feedback 
loops  to  search  for  alternative  plans.  During  a  feedback  loop,  alternative  machine  and  tool 
instances  are  searched  for  prior  to  generating  an  alternate  MRV  set.  The  search  for  alternative 
plans  continues  until  a  stopping  criterion  is  met.  Stopping  criteria  include  elapsed  computer  run 
time,  a  preset  number  of  alternative  plans,  a  planning  objective  threshold,  or  a  complete  search. 
At  the  end,  the  user  is  presented  with  the  best  process  plan(s)  for  review  and  editing.  Upon  user 
approval,  the  best  plan  is  stored  in  the  database  according  to  the  proposed  process  plan  model. 

E2.1  Feature  Conversion/Objective  &  Stock  Selection  (Phase  1) 

This  planning  phase  consists  of  three  steps:  (1)  selection  of  planning  objective,  (2)  feature 
conversion,  and  (3)  stock  selection.  These  steps  are  detailed  in  the  following  subsections. 


E2.1.1  Planning  Objective  Selection 

The  selection  of  a  planning  objective  is  the  first  step  in  the  first  planning  phase.  TTie 
objective  IS  used  to  evaluate  alternative  plans  and  to  select  the  best  plan.  Typical  planning 
objecuves  include  minimum  number  of  workpiece  setups,  minimum  setup  time,  minimum  total 
machmmg  ume,  and  minimum  total  machining  cost.  The  cunent  implementation  provides  two 
objectives  for  selection:  minimum  number  of  setups  and  minimum  machining  cost.  The  number 
of  setups  resulted  from  a  process  plan  is  tallied  once  required  machines  and  tools  are  selected 
for  a  design.  The  machining  cost  is  estimated  by  adding  relative  cost  factors  associated  with 
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Figure  E2:  Process  Planning  Methodology 


each  machine  used  to  produce  the  part.  These  objectives  are  used  to  evaluate  alternative  plans 
and  select  the  best  in  die  third  planning  phase. 


E2.1.2  Form  Feature  Conversion 

Regardless  whether  form  features  are  extracted  from  or  stored  explicitly  in  a  CAD  model, 
they  are  design  features,  which  are  not  necessarily  manufacturing  features.  In  fact,  manufacturing 
features  are  generally  defined  (interpretable)  only  within  an  intended  manufacturing  process 
domain.  Form  features  defined  for  two  manufacturing  processes  could  be  extremely  different. 
Among  various  manufacturing  processes,  the  material  removal  process  has  been  most  frequently 
studied  and  reported.  From  a  machining  point  of  view,  a  manufacturing  form  feature  is  a 
material  removal  volume  (MRV)  defined  with  machining  related  data  such  as  shape,  dimensions, 
orientation,  and  tolerances.  An  MRV  should  be  specified  to  support  all  machining  planning 
purposes  such  as  operations  selection,  fixturing,  NC  coding,  and  inspection.  A  material  removal 
volume  may  be  further  decomposed  into  a  sequence  of  elemental  material  removal  volumes  for 
technical  and/or  economic  reasons. 

From  the  machining  point  of  view,  there  are  two  general  types  of  design  features: 
protrusion  and  depression.  The  conversion  of  a  depression  to  an  MRV  appears  to  be  relatively 
straight  forward,  because  the  shape  of  a  depression  feature  in  general  can  be  conveniently  related 
to  the  shape  of  a  material  removal  volume.  Its  volume  and  orientation  could  also  be  precisely 
transfen-ed  from  the  CAD  model.  The  conversion  of  a  protrusion  feature,  however,  is  much  less 
straight  forward,  because  a  design  feature  in  this  case  does  not  present  an  enclosed  volume  for 
material  removal,  rather  it  only  defines  a  spatial  constraint  to  the  overall  design.  The 
corresponding  removal  volume  has  to  be  jointly  defined  by  the  protmsion  and  other  possibly 
more  dominating  factors  such  as  stock  selection  and  machine  tools  to  be  used,  because  they 
actually  prescribe  the  overall  shape  and  size  of  the  feature(s)  to  be  machined.  In  addition, 
adjacent  design  features  may  further  complicate  the  conversion. 

There  are  two  general  approaches  to  feature  modeling.  One  approach  is  design  by 
features,  with  which  the  user  models  product  designs  with  a  set  of  pre-defined  form  features. 
The  mam  problem  with  this  approach  is  the  limitation  of  available  form  features.  A  variation 
of  this  approach  is  called  design  with  features,  which  allows  the  user  to  model  a  product  design 


with  both  pre-defiiied  form  features  and  conventional  geometric  entities  stich  as  CSG  solids  11,2). 

Thts  approaeh  tends  to  attach  a  separate  feature  graph  to  the  geometric  model  of  the  design.  It 

may  face  a  difficulty  in  editing  form  features.  For  example,  a  pocket  feature  instance,  after  being 

dragged  through  the  material,  should  have  become  a  through-hole;  but  the  feature  may  be  still 
registered  as  a  pocket. 

The  other  feature-related  modeling  approach  has  been  reported  in.  for  example,  Requicha 
and  Chan  [3]  and  Chen  and  Wu  [4).  This  approach  retains  the  use  of  CSG  input,  while  keeping 
track  of  all  modeling  data  (both  CSG  and  Brep)  in  a  feature  model  for  feature  recognition, 
edttrng.  and  analysis.  The  advantages  of  this  approach  are:  1)  the  modeling  flexibility  of  a 
conventional  CSG  approach  and  2)  its  support  for  active  feature  editing  and  modification.  As 
detailed  in  Chen  and  Wu  (4J,  the  recognition  of  a  feature  with  this  approach  requires  only  naming 
the  feature;  all  feature  data  and  attributes  are  specified  and  compiled  at  each  modeling  step, 
regardless  whether  a  feature  name  has  been  designated.  The  feature  naming  activity  can  be 
perfoniied  at  the  end  of  a  modeling  session  or  after  each  geometric  computation.  The 
development  of  the  proposed  feature  conversion  algorithm  is  based  on  the  product  model 
presented  in  Wu  and  Chen  [5].  The  product  modeling  system  reported  in  Wu  [6]  will  be  u.sed 
to  create  product  designs  for  testing  the  proposed  conversion  algorithm.  A  product  model  created 

with  this  modeling  system  is  presented  in  Figure  E3.  A  brief  description  of  this  model  and  the 
modeling  system  is  given  below. 

The  background  in  this  figure  is  an  X-window  screen  of  the  product  modeler,  which 
models  a  product  design  with  eight  function  menus.  Also  shown  in  this  figure  are:  1)  an 
isometric  view  presentation  of  the  part  design,  2)  a  feature  graph  summary,  and  3)  an  infonnation 
summary  for  a  form  feature.  This  example  design  consists  of  twelve  form  features  organized  into 
four  hierarchical  levels.  On  the  top  of  the  graph  is  the  base  (part)  feature,  which  has  seven  child 
features  in  this  design.  A  child  feature  is  a  form  feature  which  is  created  later  than  its  parent  and 
shares  some  geometric  entities.  For  example,  the  second  feature  has  the  first  form  feature  as  its 

parent  and  the  third  feature  as  its  child.  A  feature  may  have  multiple  parent  and/or  child 
features. 

An  infomiation  summary  for  the  eighth  form  feature  i.s  illustrated  in  this  figure.  The 
infonnation  is  reu  ieved  from  tlie  product  model.  The  feature  has  an  ID  (F8)  and  its  type  attribute 


Figure  E3:  A  Sample  Part  Design 


(icgular__cuboid_boss).  Tlie  feature  was  created  with  a  cuboid  solid  and  located  on  the  fifth  face 
of  the  base  part  feature  (FO).  The  infonoation  shows  that  its  parent  feature  is  the  base  feature 
(FO)  and  it  has  a  child  feature  (FIO).  The  feature  is  located  with  its  center  at  (1 10,0,0),  rotated 
90“  about  the  +Y  axis,  and  oriented  in  the  +X  direction.  The  bounding  box  of  this  feature 
(defined  as  the  tninimun,  cuboid  dimensions  required  to  enclose  the  feature)  and  its  dimensions 
are  both  speeified  as  well.  The  surface  of  F8  is  defined  with  five  faces  (fO,  f2,  f3,  f4,and  f5) 
One  surface  ftnish  of  32(i  inch  is  specified  for  the  third  face  of  this  feature. 

A  feature  conversion  technique  is  proposed  for  converting  design  features  defined  in  a 

product  model  to  material  removal  volumes  (MRV.s)  for  machining  operations.  This  conversion 
process  consists  of  four  main  steps; 


1.  Convert  each  design  feature  into  a  temporary  MRV  (TMRV), 

2.  Identify  the  status  of  each  open  face  on  each  TMRV, 

3.  Decompose  each  TMRV  into  one  or  multiple  final  MRVs  (FMRVs),  and 

4.  Sort  FMRVs  into  groups  and  sequence  them. 


This  part  of  the  appendix  focuses  on  the  conversion  algorithm  developed  for  prismatic  part 
designs  modeled  with  a  cuboid  base  part  feature  and  thus  holding  an  overall  prismatic  shape. 
In  the  conversion  process,  design  features  are  retrieved  from  the  product  model  and  evaluated 
one  by  one  to  identify  their  corresponding  MRVs  and  in  the  meantime  estimate  a  bounding  box 
of  minimum  dimensions  required  to  enclose  all  evaluated  form  features.  The  bounding  box 
assumes  a  cuboid  shape  because  the  part  design  is  assumed  to  have  a  general  cuboid  shape; 
however  the  shape  of  the  stock  material  to  be  selected  does  not  have  to  be  rectangular.  In  the 
design  process,  a  cuboid  solid  is  typically  created  first  as  the  base  feature  for  a  prismatic  part 
design,  on  which  other  (protrusion  and  depression)  features  are  gradually  added. 


The  bounding  box  needs  to  be  re-evaluated  and  expanded  only  when  a  protrusion  feature 
IS  converted.  The  expansion  may  lead  to  either  enlarging  an  existing  MRV  or  creating  a  new 
MRV.  In  case  of  creating  a  new  MRV,  the  base  face  of  the  new  MRV  is  defined  by  the  face 
of  the  current  bounding  box  on  which  the  feature  is  located.  The  height  of  the  MRV  is  defined 
by  the  amount  of  protrusion  beyond  the  bounding  box.  The  extension  direction  is  typically  along 
the  normal  vector  of  the  base  face  for  a  2  and  1/2D  form  feature.  The  MRV  generated  fro.n 
converting  a  protrusion  feature  is  always  a  cuboid  with  island(,s)  and  is  called  a  cuboid^slab  in 


this  paper  because  five  of  its  six  faces  are  open  at  tiie  time  of  creation.  The  protrusion  feature 
is  viewed  as  a  constraint  (island)  to  the  newly  created  MRV. 

The  conversion  is  earned  out  in  four  steps:  (1)  temporary  manufacturing  feature 
generation,  (2)  open  face  status  evaluation,  (3)  manufacturing  feature  refinement,  and  (4) 
manufacturing  feature  sequencing.  They  are  further  detailed  below. 

E2.1.2.1  Temporary  manufacturing  feature  generation 

The  first  stage  is  to  convert  design  features  into  temporary  MRVs  and  is  depicted  in 
Figure  E4.  The  conversion  procedure  can  be  summarized  as  follows: 

1.  The  conversion  starts  with  the  base  part  feature  and  a  search  pointer  is  used  to 
pinpoint  the  current  search  feature. 

2.  It  ends  when  the  pointer  returns  to  the  base  feature  and  all  child  features  of  the 
base  feature  have  been  converted. 

3.  It  always  searches  and  converts  depressions  first,  before  converting  any  protrusion 
on  the  same  feature  node. 

4.  Once  a  feature  (depression  or  protrusion)  is  converted,  the  conversion  of  all  its 
child  features  must  immediately  follow. 

5.  When  the  currently  pointed  feature  has  no  child  feature  or  all  of  its  child  features 
have  been  converted,  the  feature  pointer  moves  back  to  its  parent  feature. 

Following  the  flow  chart  in  Figure  E4,  the  base  feature  is  first  retrieved  from  the  product 
model  and  processed.  The  bounding  box  is  initialized  and  set  to  the  dimensions  of  the  base 
feature.  The  feature  search  pointer  is  initialized,  pointing  to  the  base  feature.  The  search  for 
child  features  at  the  base  feature  node  begins  and  an  unconverted  depression  feature  is  selected 
for  conversion,  if  it  exists.  After  the  conversion,  the  search  feature  pointer  is  set  to  the  newly 
converted  feature.  The  conversion  process  continues  at  each  feature  node,  searching  and 
converting  first  child  depressions  and  then  child  protrusions.  It  ends  only  after  the  search  pointer 
returns  to  the  base  feature  and  all  its  child  features  are  converted. 

The  conversion  of  a  depression  feature  is  straight  forward.  When  a  depression  is 
encountered  during  search,  a  temporary  MRV  (TMRV)  instance  of  the  same  type  is  created  and 
its  attributes  are  copied  from  the  design  feature  in  the  product  model.  No  adjustment  to  the 
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Figure  E4:  Temporary  MRV  Generation 
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bounding  box  is  needed  for  converting  a  depression  because  no  extra  material  is  added  to  the 
design  by  the  depression.  When  a  protrusion  is  converted,  however,  extra  effort  is  required. 
Depending  on  its  interaction  with  other  features,  converting  a  protrusion  may  result  in  taking  one 
or  a  combination  of  the  following  three  actions: 

1.  Convert  the  protrusion  into  an  island  to  constrain  an  existing  MRV. 

2.  Create  a  new  MRV  and  convert  this  protrusion  into  an  island  to  constrain  the  new 
MRV. 

3.  Extend  an  existing  MRV  and  convert  this  protrusion  into  an  island  to  constrain  the 
extended  MRV. 

To  further  explain  the  conversion  of  a  protrusion,  four  part  designs  are  illustrated  in 
Figure  E5,  each  depicting  a  different  feature  layout  possibility.  In  case  (a)  where  a  protrusion 
is  on  a  face  of  the  base  feature,  action  #2  should  be  taken  if  no  MRV  has  been  created  on  this 
face.  If  an  MRV  already  exists  on  this  face  and  it  encloses  the  protrusion  entirely,  then  action 
#1  should  be  taken.  If  the  protrusion  extends  beyond  the  existing  MRV,  then  action  #3  should 
be  taken  instead. 

The  case  (b)  in  the  figure  illustrates  a  protrusion  being  located  in  a  depression  (a  pocket 
in  this  case).  Since  the  boss  is  inside  the  pocket,  action  #1  should  be  taken  to  convert  the  boss 
into  an  island  to  constrain  the  pocket  MRV.  This  constrained  pocket  MRV  is  commonly  called 
a  pocket  with  an  island.  If  the  boss  extends  beyond  the  pocket,  both  actions  #1  and  #2  should 
be  taken.  In  other  words,  the  boss  is  first  converted  to  an  island  to  constrain  the  pocket  MRV 

and  then  a  new  MRV  is  created  on  the  top  of  the  pocket  MRV  to  enclose  the  additional  portion 
of  the  boss. 

Cases  (c)  and  (d)  illustrate  a  more  complicated  situation  in  which  the  protrusion  is  on  a 
protrusion.  Before  any  conversion  action  is  taken,  a  search  for  the  protrusion’s  ancestry  in  the 
feature  graph  beyond  its  parent  feature  is  required  until  a  non-protrusion  ancestor  (either  a 
depression  or  the  base  feature)  is  found.  In  case  (c),  the  search  reaches  the  base  part.  The  action 
plan  described  in  case  (a)  should  thus  be  followed.  That  is,  to  create  a  new  MRV,  modify  an 
existing  MRV,  or  do  both.  In  case  (d),  the  search  stops  when  reaching  a  depression,  for  which 
an  MRV  has  already  been  created  and  whose  child  protrusion  has  been  processed  and  linked 
tothe  MRV(s)  as  a  consu-aint.  The  action  plan  for  case  (b)  should  then  be  followed. 


Case  (a);  Protrusion  on  Base  Part  Case  (b):  Protrusion  In  Depression 


2 


Case  (c):  Nested  Protrusions 
on  Base  Part 


Case  (d):  Nested  Protrusions 
In  Depression 


Figure  E5:  Four  Protrusion  Layout  Cases 
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E2.1.2.2  Open  Face  Status  Evaluation 

Temporary  MRVs  are  defined  with  a  data  structure  similar  to  the  one  for  form  features 
in  the  product  model.  However,  two  additional  data  have  to  be  included  in  the  MRV  definition. 
They  are:  open  faces  status  and  island  constraint.  An  open  face  is  defined  as  a  face  being  added 
to  the  part  design  while  creating  a  protrusion,  or  a  virtual  face  of  a  fonn  feature  which  is  clipped 
off  from  the  parent  feature  while  creating  a  depression.  The  use  of  an  open  face  in  machining 
is  to  capture  a  feasible  tool  access  direction  to  the  form  feature  (as  well  as  its  corresponding 
MRV)  in  order  to  machine  it.  The  other  face  type  on  a  feature  surface  is  called  a  constraint  face, 
which  is  a  real  face  and  represents  a  physical  boundary  for  tool  motion.  Both  constraint  faces 
and  open  faces  are  captured  in  the  product  model.  However,  the  status  of  the  open  faces  in  the 
design  model  may  be  tentatively  altered,  as  MRVs  are  created.  The  status  of  faces  created  on 
MRVs  also  needs  to  be  evaluated. 

Each  time  a  new  MRV  instance  is  created  or  extended  to  enclose  a  protrusion,  the  MRV 
may  create  new  open  faces  and  may  also  tentatively  block  the  access  to  some  open  faces  on 
existing  MRVs.  When  this  occurs,  the  status  of  the  affected  open  faces  are  identified  and  labeled 
as  conditionally  open.  It  means  the  open  face  is  no  longer  accessible  until  the  blocking  MRV 
is  removed  (i.e.,  machined  off).  As  shown  in  Figure  E6(a),  the  through-slot  MRV  has  three  open 
faces  (fO,  f3,  and  f5)  and  three  constraint  faces  (fl,  f2,  and  f4).  When  the  MRV  (#2)  is  created 
for  the  four  cylindrical  protrusions  and  placed  on  the  top  of  the  slot  MRV  (#1)  as  shown  in 
Figure  E6(b),  the  originally  open  face  (fO)  of  MRVl  becomes  conditionally  open  and  remains 
conditional  until  the  new  MRV  (#2)  is  machined.  The  other  two  open  faces  are  not  affected  by 
this  new  MRV.  The  conditional  status  of  an  open  face  also  forms  a  constraining  relationship 
between  MRVs.  When  the  blocking  of  an  MRV  by  another  is  detected,  an  inter-MRV 
constraining  relationship  is  thus  established  and  has  to  be  exercised  later  when  generating  feasible 
MRV  machining  sequences.  In  this  example,  the  removal  of  MRVl  is  feasible  only  after  MRV2 
is  removed,  if  the  machine  access  is  chosen  to  be  from  the  -I-Z  direction. 

E2. 1.2.3  Manufacturing  feature  refinement 

In  the  previous  two  stages,  all  design  features  in  the  product  model  have  been  converted 
into  TMRVs  and  each  open  face  status  on  an  MRV  has  been  examined  and  labeled  with  either 
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MRV  #2: 

►  MRV  Type: 
Ree(tnguler_ 
SI»b_MRV 

►  lelend  Typ«(«): 
Cyllndrlc»l_Bo8e  (4) 


MRV  #1: 

►  MRV  Type: 
Regulir_Cubold_ 
Thru_Slol_MRV 

►  Conditioned  by:  MRV 


Figure 


MW  Type;  RegulM_Cubold. 

Thru_S(ot__MRV 
Open  Facet;  5^  3 

Conitralnt  Facet;  4^  2 


Feature  Type: 

•  Regular^Cubold 
Thru__Slot 


(a) 


Thru_Slot 

•  Cyllndrlcel_Bo»a  (4) 


Open  Facet:  0,  2,  3,  4,  5 

Contlralnl  Facet; 

Conditlonat  Open  Facet:  ^ 


Open  Facet:  5^  0,  3 

Conatraint  Facet:  4,  1,  2 

Conditional  Open  Facet:  0 


(b) 


E6:  Open  Face  Status 
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an  open  or  conditionally  open  status.  The  third  step  is  then  to  examine  each  temporary  MRV 
and  its  enclosed  island(s).  Each  MRV  having  one  or  more  constraining  islands  is  singled  out  and 
decomposed  into  one  or  more  elemental  MRVs.  An  elemental  MRV  is  defined  as  an  MRV 
which  contains  either  no  island  or  island(s)  with  the  same  height  as  the  MRV.  The  reason  for 
the  refinement  is  to  facilitate  process  planning  and  NC  programming.  All  MRVs  with  islands 
of  different  height  or  with  an  island  located  on  other  island(s)  need  to  be  evaluated.  The  general 
approach  is  to  slice  each  temporary  MRV  along  the  height  of  each  island. 

As  outlined  in  Figure  E7,  the  refinement  process  evaluates  each  TMRV,  decomposes  it 
when  needed,  and  translates  each  into  final  MRV(s).  It  first  checks  whether  a  selected  temporary 
MRV  has  an  island.  If  not,  the  MRV  requires  no  refinement  and  a  final  MRV  instance  is  created 
to  which  all  of  the  temporai-y  MRV’s  attributes  are  copied.  If  there  exists  island(s),  the  ’ttm’  and 
the  "btm'  values  are  calculated  for  each  island  and  are  used  to  slice  the  temporary  MRV  into  final 
(and  thinner)  MRVs.  The  Vtw’  length  is  defined  as  the  distance  from  the  top  of  the  island  to  the 
bottom  of  the  A/RV  to  which  it  is  attached.  The  'btm'  length  is  defined  as  the  distance  from  the 
bottom  of  the  island  to  the  bottom  of  the  MRV  to  which  it  is  attached.  All  the  islands  enclosed 
in  a  temporary  MRV  are  ranked  according  to  their  ’ttm’  value  for  slicing. 

In  the  process  of  slicing  a  temporai'y  MRV,  tlie  island  with  the  currently  highest  ranked 
ttm  is  first  identified  and  selected.  If  the  height  of  the  temporary  MRV,  denoted  as  H,  is  greater 
than  the  ttm  value  of  the  selected  island,  a  final  MRV  with  no  island  is  created  and  its  thickness 
is  set  to  be  the  difference  between  the  H  and  the  ttm  values.  After  the  dimensions  and  location 
are  specified  for  the  final  MRV,  the  height  of  the  remaining  temporary  MRV  is  adjusted  to  the 
ttm  value  of  the  selected  island.  The  slicing  process  repeats  for  the  remaining  portion  of  the 
temporary  MRV  with  the  newly  adjusted  height  (H). 

On  the  other  hand,  if  the  H  value  is  equal  (or  less)  than  the  ttm  value  of  the  selected 
island,  a  final  MRV  with  island(s)  is  to  be  created.  To  create  a  final  MRV  in  this  case,  the 
island  with  the  second  highest  ttm  value  (less  than  the  currently  highest  «w)  needs  to  be 
retrieved.  The  difference  between  the  two  ttm  values  is  calculated  and  set  to  be  the  thickness 
of  the  final  MRV  being  created.  After  its  location  and  other  attributes  are  specified,  each  island 
(partially  or  entirely)  inside  the  final  MRV  is  computed  and  attached  to  it.  Before  repeating  the 


S«t«ct  th«  Island  with 
tha  grsatast  ttm  vaiua. 


I  Sat  H  a  tha  Island's  ttm  viluaJ 


Ratrlava  tha  Island  with  tha 
naxt  graatast  ttm  valua  which 
Is  lass  than  tha  currant  ttm. 


Computa  tha  final  MRV's 
dimanslons  and  location. 


Computa  tha  diffaranca  . 
batwaan  tha  two  ttm  vatuas  as 
|tha  thicknass  of  tha  final  MRV  | 
and  calculata  Its  location 
&  othar  attrlbutas. 


Copy  affactad  Islands  and 
attach  tham  to  tha  final  MRV. 


Adjust  tha  TMRV's  H  and 
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Figure  E7:  Temporary  MRV  Refinement 
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slicing  process,  tlie  H  value  of  the  current  temporary  MRV  and  the  ttm  value  of  the  affected 
island(s)  are  adjusted  by  setting  them  to  the  currently  second  highest  ttm  value.  Also  after  the 
adjustment,  any  island  in  the  temporary  MRV  whose  ttm  value  is  equal  to  its  btm  value  is 
eliminated  from  further  evaluation.  The  refinement  of  a  temporary  MRV  is  completed  when  its 
current  H  value  reaches  0.  The  entire  refinement  process  though  continues  until  all  temporary 
MRVs  are  examined.  In  decomposing  a  temporary  MRV,  open  faces  and  their  status  are 
progressively  examined  and  labeled  on  the  decomposed  final  MRVs  accordingly.  The 
constraining  status  between  two  temporary  MRVs  is  also  re-evaluated  and  updated  for  their 
corresponding  final  MRVs. 

Figure  E8  shows  a  part  design  which  has  three  bosses  and  a  pocket.  One  boss  is  located 
inside  the  pocket.  During  the  first  stage,  two  temporary  MRVs  were  created:  a  slab  MRV  with 
two  islands  and  a  pocket  MRV  with  one  island.  Since  the  pocket  is  deeper  than  the  height  of 
Its  enclosed  island,  the  pocket  MRV  needs  to  be  decomposed  into  elemental  MRVs:  one  with  no 

island  constraint  and  the  other  with  an  island  whose  height  equals  to  that  of  its  enclosing 
elemental  MRV. 

E2.1.2.4  Manufacturing  feature  sequencing 

The  last  conversion  stage  sorts  final  MRVs  into  MRV  groups  based  on  the  status  of  their 
open  faces.  The  grouping  procedure  observes  the  following  guidelines: 

1.  Each  MRV  must  be  assigned  to  an  MRV  group. 

2.  MRVs  in  each  group  must  have  the  same  orientation. 

3.  A  constrained  MRV  can  be  assigned  to  a  group  only  after  all  its  constraining 
MRV(s)  have  been  grouped. 

4.  Final  MRVs  are  pre-sorted  by  their  orientation  and  MRVs  in  each  pre-sorted 
group  are  pre-sequenced  based  on  their  face  constraints  on  one  another. 

Each  MRV  may  have  several  open  faces  and  therefore  in  theory  may  have  multiple 
grouping  orientations.  To  avoid  assigning  an  MRV  to  multiple  groups,  only  the  major  orientation 
of  each  MRV  is  used  in  this  development  for  simplicity.  For  an  application  involving  three  axis 
machines,  the  major  orientation  of  a  feature  is  defined  along  the  ±X,  ±Y,  and  ±Z  axes.  MRVs 
sharing  a  slanted  face  are  also  allowed  to  fonn  an  MRV  group.  Both  MRV  groups  and  the 
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Figure  E8:  An  Illustration  of  MRV  Refinement 
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MRVs  in  each  group  need  to  be  sequenced  according  to  the  status  of  their  open  face(s).  The 
proposed  grouping  procedure  attempts  to  concurrently  group  and  sequence  MRVs.  It  begins  with 
sorting  final  MRVs  by  their  major  orientation  and  then  sequencing  the  MRVs  in  each  preliminary 
group  according  to  their  face  constraints  on  one  another  (from  the  least  constrained  to  the  most). 
The  rest  of  the  grouping  procedure  is  outlined  in  Figure  E9.  It  begins  by  initializing  an  MRV 
group  with  an  ID  assigned.  Initially  this  group  is  empty  and  its  orientation  is  undefined.  To  start 
the  assignment,  an  ungrouped  MRV  is  randomly  selected.  If  the  MRV  has  no  constraining  MRV 
or  Its  constraining  MRVs  have  all  been  grouped,  it  is  assigned  to  the  group,  which  then  assumes 
the  same  orientation.  The  procedure  continues  evaluating  the  rest  of  the  unassigned  MRVs  for 
this  group  with  an  additional  condition  of  having  the  same  orientation.  After  all  unassigned 
MRVs  ai-e  evaluated,  a  new  MRV  group  is  initiated  until  all  MRVs  are  grouped.  The  grouped 
MRVs  are  stored  according  to  a  data  structure  shown  in  Figure  ElO.  With  this  structure,  all  final 
MRVs  ai-e  stored  in  an  MRV  set  and  organized  into  MRV  groups.  Each  group  consists  of  one 
or  moie  final  MRVs.  Each  MRV  may  have  island  constraint(s). 

E2.1.2.5  Application  example 

This  section  provides  an  application  example  of  the  proposed  conversion  technique  to  the 
part  design  shown  in  Figure  E3.  As  mentioned  previously,  this  design  has  twelve  form  features: 
the  base  feature,  three  depressions,  and  eight  protrusions.  Some  of  them  are  nested  features.  The 

application  is  explained  in  the  following  four  subsections,  parallel  to  the  development  presented 
in  Section  E2.1.2. 

E2.1.2.5.1  Initial  Feature  Conversion 

The  conversion  of  design  features  into  temporary  MRVs  is  illustrated  in  Figure  Ell  in 
a  step  by  step  manner.  The  left  column  of  the  figure  shows  a  feasible  feature  conversion 
sequence  selected  by  the  proposed  algorithm.  The  feature  being  processed  is  denoted  with  a 
dotted  circle.  The  middle  column  of  the  figure  shows  a  2-D  profile  view  of  the  part  design  with 
markers  designating  the  feature  being  processed.  The  right  xiolumn  presents  the  result  of  the 
conversion  as  it  progresses  along  the  feature  graph. 

The  conversion  process  begins  by  setting  the  base  feature  (FO)  as  the  search  feature  and 
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Figure  E10:  MRV  Object  Class  Structure 
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Figure  E11:  A  Feature  Conversion  Example 
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creating  the  initial  bounding  box  with  the  size  and  shape  of  the  base  feature.  A  search  for  a  child 
depression  is  then  launched.  Although  three  depressions  (FI,  FIO,  and  Fll)  exist  on  the  design, 
the  base  part  feature  has  only  one  child  depression  feature  (FI).  Therefore  as  shown  in  Figure 
El  1(a),  this  rounded_cuboid_pocket  feature  is  selected  for  conversion,  and  converted  into  a 
temporary  MRV,  denoted  as  TMRVl.  The  search  pointer  is  thus  moved  to  this  depression 
feature  and  the  search  for  its  child  depression  features  on  this  node  is  launched.  Since  this  search 
feature  does  not  have  child  depressions,  child  protrusions  are  then  searched.  One  child  protrusion 
feature  (F2)  is  identified  on  this  node  as  shown  in  Figure  El  1(b)  and  is  therefore  selected  for 
conversion.  Because  the  protrusion  does  not  extend  beyond  TMRVl,  no  additional  temporary 
MRV  is  created  and  this  protrusion  feature  is  converted  into  a  temporary  island,  denoted  as  Til, 
and  attached  to  TMRVl  as  its  constraining  island. 

The  search  pointer  is  now  moved  to  the  protrusion  (F2),  and  its  only  child  feature  (F3) 
as  shown  in  Figure  El  1(c)  is  thus  selected  for  conversion.  This  protrusion  feature  locates  in 
TMRVl  but  extends  beyond  the  MRV.  Therefore  a  new  temporary  MRV  is  required  to  enclose 
the  portion  of  the  protrusion  which  goes  beyond  TMRVl.  The  current  bounding  box  is  extended 
accordingly.  The  conversion  task  is  tarried  out  in  three  steps.  The  first  step  is  to  slice  the 
protrusion  and  create  a  temporary  island  (TI2),  capturing  the  protrusion’s  portion  contained  inside 
TMRVl,  The  second  step  is  to  create  a  new  temporary  MRV,  denoted  as  TMRV2,  by  projecting 
the  face  of  the  base  feature  having  the  same  orientation  by  the  amount  that  the  protrusion  extends 
beyond  the  cuirent  bounding  box.  A  third  island  (TI3)  is  created  and  attached  to  TMRV2  as  its 
constraint.  Finally,  the  cun'ent  bounding  box  is  expanded  to  include  TMRV2. 

The  search  pointer  is  now  pointing  at  tlie  feature  (F3).  Since  it  has  no  child  feature,  the 
search  pointer  moves  up  to  its  parent  feature  (F2)  to  look  for  unconverted  features,  and  then  back 
to  the  parent  feature  (FI).  Both  F2  and  FI  have  no  other  child  features,  so  the  search  pointer 
returns  to  the  base  feature  (FO).  Because  the  base  feature  does  not  have  any  other  child 
depression  feature,  the  search  for  a  child  protrusion  feature  is  therefore  begun.  At  this  time,  the 

base  part  has  six  unconverted  child  protrusion  features.  The  procedure  proceeds  to  convert  these 
protrusions  one  at  a  time. 

As  shown  in  Figure  El  1(d),  the  protrusions  (F4,  F5,  F6  and  F7,  all  cylindricaLbosses) 
aie  next  selected  and  converted.  When  the  feature  (F4)  is  encountered,  it  causes  TMRV2  to 


grow  in  the  direction  along  which  the  protrusion  extends  beyond  the  bounding  box.  The  MRVs 
thickness  is  modified  to  account  for  the  additional  height  of  the  protrusion  (F4),  and  F4  is  then 
converted  into  a  temporary  island  (TI4)  and  attached  to  TMRV2.  Again,  the  bounding  box  is 
adjusted  to  reflect  the  expansion  of  TMRV2.  The  conversions  of  F5,  F6,  and  F7  do  not  create 
or  expand  any  MRV,  because  they  do  not  further  extend  the  current  bounding  box.  Thus,  these 
three  design  features  are  converted  into  three  temporary  islands  (TI5,  TI6  and  TI7)  and  attached 

to  TMRV2.  None  of  the  four  features  has  child  features,  thus  the  search  pointer  moves  to  the 
base  feature  each  time  after  conversion. 

As  the  search  progres,ses,  ilie  protnision  feature  (F8,  a  regular_cuboid_bos,s)  is  next 
selected  for  conversion  as  shown  in  Figure  El  1(e),  As  this  design  feature  extends  beyond  the 
cuiTent  boxing  box,  the  bounding  box  is  expanded  and  a  new  temporary  MRV,  denoted  as 
TMRV.T  is  created.  The  thickness  of  TMRV3  is  set  equal  to  the  length  of  the  protrusion's 
extension  beyond  the  bounding  box.  The  remaining  dimensions  (length,  width)  are  specified  such 
that  the  MRV  completely  fills  the  face  of  the  current  bounding  box  being  used  for  the  extension. 
In  other  woids,  tlie  bounding  box  always  expands  in  one  direction  at  a  time.  After  TMRV3  is 
created,  this  protni.sioii  is  converted  into  an  i.sland,  denoted  as  TI8,  and  attached  to  the  TMRV 
as  a  constraint.  Now  the  search  pointer  is  set  at  the  feature  (F8)  and  the  algorithm  begins  to 
search  its  child  features  for  conversion.  The  only  child  depression  (FIO,  a 
rounded_cuboidjocket)  is  thus  selected,  as  indicated  in  Figure  El  1(e).  For  this  pocka,  a 
temporary  MRV  is  created  and  denoted  as  TMRV4.  Since  FIO  has  no  child  and  F8  has  no  otlier 
unsearched  child  feature,  the  search  pointer  again  returns  to  the  ba.sc  feature. 

At  the  base  part,  the  only  child  feature  left  unconverted  is  the  protrusion  feature  (F9)  and 
IS  tlierefore  selected  as  shown  in  Figure  El  1(0  for  conversion.  The  conversion  process  is  the 
same  as  for  F8  and  a  temporary  MRV  (MRVS)  is  created.  The  protrusion  is  converted  into  an 
island  (T19)  and  attached  to  the  new  MRV,  Finally  its  only  child  feature  (FI  I)  is  selected  and 
converted  into  an  MRV  (TMRV6).  The  search  pointer  moves  up  from  Fll,  then  to  F9,  and 

finally  back  to  tlie  base  feature  again.  Because  all  child  features  on  tlie  base  feature  node  have 
been  converted,  the  conversion  process  is  finished. 

E2.1.2.5.2  Open  Face  Evaluation 
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The  status  of  an  open  face  can  be  altered  if  there  is  an  MRV  obstructing  it.  Therefore, 
an  open  face  being  blocked  needs  to  be  re-classified.  As  each  temporary  MRV  is  created  or 
expanded,  each  of  its  open  faces  is  evaluated  to  identify  possible  blockage.  When  a  blockage 
is  detected,  the  status  of  the  open  face  is  changed  to  conditionally  open  and  attached  together 
with  the  ID  of  the  blocking  MRV.  The  open  face  evaluation  approach  for  MRVs  generated  from 
a  depression  differs  to  the  one  for  MRVs  generated  from  a  protrusion.  Figure  E12  illustrates  how 
an  open  face  status  is  evaluated. 

TMRVl  is  a  depression-converted  MRV.  Its  parent  feature  is  the  base  part  feature  and 
it  has  an  open  face  with  face  normal  along  (0,0,1).  Because  the  parent  is  the  base  feature,  a 
search  is  conducted  for  TMRVs  having  the  same  orientation  as  the  open  face.  Since  TMRV2 
is  detected  with  this  orientation,  this  open  face  status  is  modified  into  conditionally  open  and  the 
ID  of  TMRV2  is  recorded.  That  is,  TMRVl  is  accessible  from  (0,0,1),  only  after  TMRV2  is 
removed.  If  its  parent  feature  had  been  a  depression  (i.e.  two  nested  depressions),  the  ID  of  the 
temporary  MRV  generated  from  the  parent  feature  would  have  been  returned  as  its  constraining 
MRV.  If  its  parent  feature  had  been  a  protrusion,  a  test  would  have  been  needed  to  check  if  the 
protrusion  originated  a  temporary  MRV.  If  so,  the  ID  of  the  protrusion-generated  TMRV  would 
have  been  returned  as  the  constraining  TMRV.  Otherwise,  the  temporary  MRV,  which  the 
protrusion-turned  island  were  constraining,  would  have  been  returned  as  the  constraining  TMRV. 

A  protrusion-converted  MRV  may  be  created  on  any  face  of  the  base  part  feature, 
depending  on  the  orientation  of  the  protiaision  on  the  part  design.  Both  TMRV2  and  TMRV3 
are  protrusion-converted.  TMRV2  is  created  on  the  zeroeth  face  of  the  base  feature  and  has  an 
orientation  of  (0,0,1).  TMRV3  is,  then,  created  on  the  fifth  face  of  the  base  feature  and  has  an 
orientation  of  (1,0,0).  With  the  addition  of  a  new  MRV,  all  existing  MRVs  should  be  examined. 
In  the  case  of  TMRV2,  the  orientation  of  MRV3  is  used  to  match  the  orientation  of  all  the  open 
faces  on  TMRV2.  The  fifth  open  face  on  MRV2  is  found  to  have  an  orientation  of  (1,0,0), 
identical  to  that  of  the  TMRV3’s.  Therefore  the  status  of  this  face  is  modified  as  conditionally 
open  and  attached  with  TMRV3  as  its  constraining  MRV. 

E2,1.2.5.3  MRV  Refinement 

The  refinement  procedure  needs  to  be  applied  to  only  temporary  MRV(s)  having  island 
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constraint(s).  To  decompose  an  MRV  with  island(s),  all  islands  inside  the  MRV  are  ranked  and 
sliced  at  each  island’s  height.  The  refinement  of  TMRVl  is  illustrated  in  Figure  E13.  This 
temporary  MRV  has  two  islands  of  a  different  height:  TI2  and  TI3.  TI2  is  ranked  higher  because 
it  has  a  greater  ttm  value.  To  begin  the  decomposition,  the  height  (H)  of  the  TMRV  is  retrieved 
and  compared  to  the  currently  highest  ttm  value.  Since  they  are  equal  in  this  example,  a  final 
MRV  instance  is  initialized  and  labeled  as  FMRVl  with  expectation  of  enclosing  at  least  one 
final  island.  The  thickness  of  FMRVl  is  evaluated  as  the  difference  between  the  ttm  of  TI2  (the 
currently  highest)  and  the  ttm  of  TI3  (the  currendy  second  highest).  The  only  temporary  island 
contiibuting  to  TMRVl  is  TI2  and  therefore  the  final  island  is  created  with  the  data  specified  in 
TI2  except  that  the  dimensions  and  location  are  modified.  This  island  is  labeled  as  FIl  in  the 
figure  and  is  specified  in  FMRVl  as  a  constraint.  Before  creating  the  next  final  MRV,  the  height 
(H)  of  TMRVl  is  adjusted  with  the  currently  second  highest  ttm  value.  The  ttm  value  of  TI2  is 
also  adjusted  with  the  same  value,  because  the  island  constraint  has  been  evaluated  for  FMRVl. 
After  the  adjustments,  the  ttm  and  btm  values  of  each  temporary  island  are  compared.  As  a 
result,  TI2  is  deleted  from  further  consideration  because  it  has  equal  ttm  and  btm  values.  This 
means  that  its  role  as  an  island  constraint  has  been  fully  appreciated.  Furthermore  the  H  value 
after  the  adjustment  is  checked.  A  positive  H  value  implies  further  refinement  is  necessary;  and 
therefore  the  process  repeats  and  the  second  final  MRV  is  created  and  denoted  as  FMRV2  in 
Figure  El 3(c).  It  contains  a  final  island  converted  from  TI3.  After  the  creation,  all  temporary 
islands  are  deleted  and  H  value  reaches  zero.  The  refinement  process  is  therefore  completed. 
Figure  E14  summaiizes  the  results  of  the  entire  feature  refinement  process  for  the  sample  design. 
The  refinement  process  starts  with  TMRV2  and  yields  FMRV3  constrained  with  four  final  islands 
and  FMRV4  with  five  islands  as  shown  in  Figure  E14(a).  The  refinement  of  TMRVl  was 
detailed  in  the  above  pai'agraphs  and  generated  FMRVl  constrained  with  one  island  and  FMRV2 
with  a  different  island,  as  shown  in  Figure  E14(b).  The  remaining  temporary  MRVs  need  little 
refinement  because  they  have  either  no  island  in  the  case  of  TMRV4  and  TMRV6  or  an  island 
with  the  same  height  as  its  MRV’s.  Therefore,  their  conversion  is  done  by  simply  creating  a 
final  MRV  instance  and  copying  all  the  temporary  MRV’s  attributes  to  it. 
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Figure  E13:  An  illustration  of  MRV  refinement 
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These  final  MR  Vs  are  then  evaluated  for  their  spatial  relationship  through  Oieir  open  face 
status.  The  open  and  conditionally  open  faces  on  each  final  MRV  for  this  pan  design  are  shown 
in  Ftgnre  E15.  All  open  faces  re  shaded  dark  and  conditionally  open  faces  are  shaded  lightly. 
Both  FMRV.'i  and  FMRV7  in  this  figure  have  five  open  faces,  except  the  bottom  face,  FMRV6 
and  FMRV8  both  have  their  top  face  open.  FMRV3  has  three  (top,  front  and  back)  open  faces, 
while  its  .side  faces  are  conditionally  open  due  to  the  constraint  from  FMRV5  and  FMRV7. 
FMRV4  has  its  back  (not  shown)  and  front  faces  open,  but  its  top  and  side  faces  are 
conditionally  open  due  to  the  existence  of  FMRVs  3,  5  and  7.  Both  FMRVl  and  FMRV2  have 
a  conditionally  open  face  on  the  top.  FMRV2  is  constrained  by  FMRVl,  which  is  in  tun, 
constrained  by  FMRV4.  These  face  conditions  provide  a  foundation  for  .sequencing  final  MRVs. 

E2.1.2.5.4  Final  MRV  («rouping 

In  final  MRV  grouping,  the  major  orientation  of  each  final  MRV  is  identified  and  used 
for  preliminary  grouping,  resulting  in  three  preliminary  groups  in  this  example  as  shown  in 
Figure  El 6(a).  The  FMRVs  1-4  belong  to  a  group;  FMRV5  and  FMRV6  are  in  one,  and  the 
others  are  in  another.  In  order  to  increase  grouping  efficiency,  an  internal  ranking  of  the  MRVs 
inside  each  group  is  also  conducted  according  to  their  face  constraints  on  one  another.  In  the 
grouping  process,  FMRV5  happens  to  be  first  selected  and  an  MRV  group  is  initiated.  Since  it 
has  no  constraints  and  the  group  has  no  MRV  yet,  FMRVS  is  therefore  assigned  to  the  first  final 
MRV  gioup,  denoted  as  Gl,  and  its  orientation  becomes  the  group’s  orientation.  FMRV6,  the 
only  other  final  MRV  with  the  same  orientation  in  this  example,  is  eventually  selected  and 
assigned  to  the  same  group.  After  all  the  ungrouped  FMRVs  are  evaluated,  the  grouping 
algorithm  repeats  with  initializing  a  new  MRV  group,  until  all  final  MRVs  are  assigned  to  a 
group.  As  a  result,  three  MRV  groups  are  created  for  this  design.  The  second  MRV  group  is 
oriented  at  (-1,0,0)  and  has  FMRV7  and  FMRV8.  The  last  group  contains  the  other  four 
FMRVs.  During  the  .sequence,  the  third  group  is  identified  with  a  constraint  from  Gl  and  G2 
due  to  their  open  face  status.  The  result  is  summarized  in  Figure  El 6(b)  as  a  table.  The  inter- 
gioup  and  inter-MRV  relationships  within  each  group  are  detailed  graphically  in  Figure  El 6(c). 
The  information  model  FMRV5  is  pre.sented  in  Figure  E17  as  an  example. 


E  30 


Figure  E15:  Open  Face  Status  of  Final  MRVs 


nnt>  MRv  a 


(b)  Group  and  MRV  Constraint  Summary 


(c)  Group  /  Final  MRV  Precedence 


Figure  E16:  An  Illustration  of  Final  MRV  Grouping 
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MRVs  Information 
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Group  ID  IS 
Group  Reference  Point 
Final  MRV  ’s  ID 
Type  is 

Creating  Inter-MRV’s  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  ; 
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Condi  tonal  Open  Faces  Information 
Island(s)  Information  : 

_ Island  ID  is 

Island  Type  is 

Island’s  creating  feature  id  = 
Island  Dimension  is 
Island’s  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 
[surface  finish  I  32  I  (  8,3)] 
Tolerance  Information  of  MRV  : 
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Figure  E17;  Information  Model  for  a  Final  MRV 


E2.1.3  Stock  Selection 

Tl.e  last  step  in  this  planning  phase  is  to  select  a  raw  material  stock.  The  part  material 
IS  designated  in  the  product  model  by  specifying  the  material’s  name  and  its  AISI/SAE 
(American  Iron  and  Steel  Institute  &  Society  of  Automotive  Engineers)  code.  Four  stock  shapes 
are  modeled  for  evaluation  in  this  implementation:  rectangular,  hexagonal,  octagonal,  and 
cylindrical.  When  the  .search  tor  a  stock  instance  is  initiated,  stock  instances  with  the  specified 
name  and  type  are  examined.  The  smallest  stock  that  is  large  enough  to  accommodate  the  part 
design  IS  selected.  The  .search  and  selection  procedure  follows  a  shape  order  which  is  pre- 
arrangeti  to  facilitate  raw  stock  fixtiiring  and  reduce  material  waste. 

If  the  selected  stock  is  larger  than  the  bounding  box  of  the  part  design  which  is  usually 
the  case,  the  additional  material  between  the  selected  stock  and  the  part’s  bounding  box  is 
evaluated  and  converted  into  appropriate  slab  MRVs.  To  do  so,  the  center  of  the  bounding  box 
assumes  its  location  at  the  stock’s  center.  Cuboid  slab  MRVs  are  created  by  calculating  the 
excessive  material  volume  between  the  stock’s  bounding  box  and  the  part  envelope  in  each  major 
axis  direction.  The  procedure  thus  generates  six  cuboid  slab  MRVs  attached  to  each  major  face 
of  the  bounding  box.  Figure  E18  illustrates  the  .slab  MRVs  generated  when  a  cylindrical  raw 
stock  is  selected.  Dotted  lines  repre.sent  the  MRVs,  while  solid  lines  indicate  the  actual  volumes 
to  be  removed  from  the  material  stock.  In  this  example,  the  MRVs  are  not  constrained  by  any 
i-sland  and  the  slabs  are  to  be  macliined  in  their  entirety  in  order  to  create  the  initial  cuboid  shape 
of  the  bounding  box  before  other  machining  operations  are  performed  on  the  part  design. 

E2.2  Operations  Planning  (Phase  2) 

Machine  and  tool  selection  for  each  manufacturing  feature  (MRV)  is  the  focus  of  the 
second  planning  pha.se.  To  properly  select  machines  and  tools,  two  component  .systems  are  used: 
(1)  the  manufacturing  resource  database  storing  the  resource  instances  on  which  the  selection  of 
resources  is  based,  and  (2)  the  manufacturing  knowledge  base  storing  human  experti.se  whicli 
guides  and  performs  the  selection  process.  The  manufacturing  resource  database  has  been 
de,scribed  elsewhere  in  this  final  report.  To  better  understand  the  machine  and  tool  selection 

procedure,  the  manufacturing  knowledge  structure  and  its  role  in  resource  selection  are  described 
here. 
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E2.2.1  Feature/Machine/Tool  (F/M/T)  Tables 


The  capability  of  machining  a  form  feature  is  detennined  jointly  by  machines  and  cutting 
lools.  In  order  to  systematically  capture  the  processing  capability  of  a  machine  shop,  its 
niachtnes  and  tools  have  to  be  first  categorized  into  object  classes.  Among  many  attributes  which 
nay  be  used  for  the  classification,  their  commonality  for  feature  processing  needs  to  be  included. 
In  this  implementation,  machines  are  grouped  into  17  classes  and  cutting  tools  are  grouped  into 
27  classes.  Each  manufacturing  feature  (defined  in  terms  of  MRV)  is  manually  evaluated  for 
each  possible  machine  and  tool  type  combination.  The  capability  of  processing  each  MRV  is 
documented  in  one  F/MTT  table  and  therefore  the  number  of  the  tables  is  equal  to  the  number 
of  manufacturing  feature  types.  A  new  F/MTT  table  must  be  manually  created  for  each  new  fonn 


featuie  type  to  be  added  to  the  system. 


The  size  of  these  F/M/T  tables  in  terms  of  rows  and 


columns  increases  when  a  new  machine  type  or  a  new  type  is  added  to  the  system.  After  the 
initialization  stage,  these  expansions  do  not  occur  routinely. 


Ill  this  implementation,  an  F/M/T  table  consi.sts  of  27  rows  and  17  columns  in  a  2D 
matrix.  The  rows  list  tool  classes  while  the  columns  coirespond  to  the  machine  classes.  Each 
table  records  all  possibly  feasible  machine  and  tool  class  combinations  for  processing  an  MRV 
type.  That  is,  if  an  MRV  can  be  potentially  processed  using  a  particular  pair  of  machine  and  tool 
class,  the  corre.spondiiig  cell  in  the  table  is  checked  and  designated  as  a  feasible  combination. 
A  checked  combination  in  an  F/M/T  table  represents  only  the  primary  machine  and  tool  classes 
used  to  process  the  MRV.  In  other  words,  they  are  the  machine  and  tool  types  that  will  produce 
the  final  geometry  of  a  form  feature.  Figure  E19  illustrates  the  F/M/T  table  for  a  manufacturing 
feature  (MRV)  called  cylindricaUhroughJiole.  A  total  of  34  possible  machine  and  tool 
combinations  are  recorded  on  the  table  as  feasible  for  the  MRV  type.  They  include: 

3-axis  manual  and  NC  milling  machines  using  endmills,  drills,  reamers,  and  boring  tools, 

2-axis  manual  and  NC  lathes  using  single-point  turning  tools,  drills,  reamers,  and  boring 
tools, 

•  NC  EDM  using  electrodes, 


•  NC  Wire  (EDM)  using  wire, 

•  manual  and  NC  jig  grinders  using  grinding  wheels, 

•  bandsaws  using  a  band-type  blade. 
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Figure  E19:  MRV/M/T  Table  for  Cylindrical  Through  Hole  MRV 


light  duty,  manual  bed-type,  NC  bed-type,  and  radial  drilling  machines  using  drills, 
reamers  and  boring  tools. 

E  2.2.2  Manufacturing  Knowledge  Modules 

The  MRY/M/T  tables  are  the  starting  point  for  the  selection  of  machines  and  tools.  In 
reality,  each  check  mark  in  the  tables  is  a  pointer  pointing  to  a  manufacturing  knowledge  module 
which  evaluates  the  feasibility  of  machine  and  tool  instances  through  the  use  of  rules. 
Knowledge  rules  are  categorized  within  each  module  to  evaluate  the  feasibility  of  machine  and 
tool  instances  in  the  class  for  a  given  manufacturing  feature. 

As  structured  in  Figure  E20,  a  manufacturing  knowledge  module  consists  of  two  sets  of 
rules:  the  initial  rule  set  and  the  main  rule  set.  The  initial  rule  set  store  pointers  to  other  rule 
sets,  while  the  main  rule  set  contains  rules  for  the  actual  feasibility  evaluation.  Since  some  pilot 
operations  may  be  required  to  properly  proce.ss  an  MRV,  a  knowledge  module  (especially  when 
It  IS  accessed  from  an  F/MH’  table)  may  point  to  other  knowledge  modules  from  its  initial  rule 
set  in  Older  to  search  for  the  required  pilot  tools. 

Each  main  rule  set  captures  rules  for  machine  and  tool  feasibility  evaluation  at  instance 
level.  Machine  related  rules  check  machine  feasibility  in  three  areas:  machine  work  envelope, 
tool  travel,  and  weight  capacity  checking.  Tool  related  rules  evaluate  tool  feasibility  in  six  areas: 
material  cutting  capability,  cutter  body  dimensions,  overall  tool  assembly  dimensions,  island 
restriction,  tool  interference,  and  finally  parameter  updates.  The  parameter  update  rules  are 
applied,  only  when  a  feasible  tool  instance  is  selected,  to  update  the  rule  parameters  passed  on 
as  an  input  to  other  knowledge  modules.  These  parameters  are  used  to  set  a  .search  interval  for 
selecting  a  tool  size  for  the  next  knowledge  module  to  be  activated.  The  inputs  to  a  knowledge 
module  include:  (1)  dimensions  of  the  selected  stock,  (2)  the  work  envelope  of  the  candidate 
machine  in.stance,  (3)  tool  travel,  (4)  weight  capacity,  (4)  tool  holder  name  and  type,  (5)  rule 
parameters  passed  from  a  previous  module,  (6)  the  part’s  AISI/SAE  code,  and  (7)  the  MRV’s 
information.  The  output  from  a  knowledge  module  includes:  (1)  the  ID  of  the  selected  machine 
instance,  (2)  the  selected  tool  assembly  in.stance  ID,  (3)  an  operation  instance,  and  (4)  its 
corresponding  elemental  MRV.  An  elemental  MRV  is  the  actual  material  to  be  removed  in  an 
operation  using  one  cutting  tool. 
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Input: 


►  Selected  Stock 
Dimensions 

>  Test  Machine 
Instance  work  envelope, 
tool  travel. 

weight  capacity 


►  d  Parameter 

►  Part's  AISI/SAE  code 
MRV  attributes 

►  Selected  Machine  Instance 
Instance  Tool  Holder 
Name  and  Type 


Module  ID: 
Module  Name: 


Initial  Rule  Set 


Main  Rule  Set 


Machine  Instance  Feasibility  Rules 

►  Work  Envelope 

►  Tool  Travel 

►  Weight  Capacity 


Tool  Instance  Feasibility  Rules 


Material  Cutting  Capability 

Cutter  Body  Dimensions 

Overall  Tool  Assembly  Dimensions 

Island  Restrictions 

MRV  -  Island  Interference  Check 

d  Parameter  Update 

Of  feasible  tool  assembly  is  found) 


Pointers  to 
alternate  pilot 
rule  knowledge 
modules. 


Output: 


►  Selected  Machine 
Instance  ID 


►  Selected  Tool 
Assembly  Instance  ID 

►  Elemental  MRV 

►  Operation  Instance 


Figure  E20:  Knowledge  Module  Structure 
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The  sequence  in  which  different  rule  modules  are  called  is  depicted  by  the  rules  in  the 

manufacturing  knowledge  base.  The  system  evaluates  each  possible  machine  and  tool 

combinations  for  each  MRV  as  specified  in  the  F/MA-  tables  and  according  to  the  knowledge 

modules  which  are  activated  in  the  evaluation  process.  Figure  E21  illustrate  an  example 

application  of  how  knowledge  modules  interact  with  one  another.  In  this  example,  a 

manufacturing  form  feature  called  cylindrical_throngh_hole  is  being  planned.  When  the  hole  is 

evaluated  for  the  combination  of  milling  machine  with  reamer,  two  possible  machining  sequences 

are  generated.  The  first  operation  sequence  specifies  a  center  drilling  operation,  pilot  hole 

drilling  operations,  boring  operation,  and  final  the  reaming  operation.  The  other  sequence  spells 

the  need  for  a  center  drilling,  pilot  hole  drilling,  and  then  the  reaming  operation.  In  the  first 

operation  sequence,  the  purpose  of  center  drilling  is  to  create  a  tapered  surface  so  that  the 

subsequent  hole  to  be  drilled  can  be  started  with  ease  and  no  slippage.  Pilot  hole  drilling  creates 

a  preliminary  hole  such  that  the  boring  tool  can  properly  remove  material.  Boring  is  used  to 

enlarge  the  hole  such  that  the  reamer  can  produce  the  hole  with  the  required  precision  and 

surface  finish.  It  is  possible  to  ream  the  hole  without  the  boring  operation.  It  occurs  when  the 

initial  rules  of  the  NcMill-3axis/Mream  knowledge  module  points  to  the  NcMill-3axis/MDrill  as 
shown  in  Figure  E21. 

The  process  of  generating  tlie  first  operation  sequence  is  shown  in  Figure  E22.  When  the 
knowledge  module  of  NcMill-  3axis/Mream  is  initiated  for  the  cylindricaLthrough_hole  MRV, 
all  machine  instances  in  the  machine  class  NcMill-SAxis  are  evaluated  with  the  machine 
feasibility  rules  in  the  main  rule  set.  These  machine  rules  are  applied  to  only  unevaluated 
machine  instances  once.  If  a  feasible  machine  is  found,  it  is  temporarily  stored  and  an 
appropriate  tool  instance  of  the  tool  class  Mrcam  is  searched  for  and  evaluated.  If  a  feasible 
reamer  is  found  compatible  with  the  stored  machine  instance,  an  operation  instance  is  created  and 
temporarily  stored  together  with  its  corresponding  elemental  MRV;  and  the  rule  parameters  are 
updated  accordingly.  The  module’s  initial  rule  set  is  then  evaluated  to  identify  the  need  for 
activating  other  knowledge  modules  as  required  for  preliminary  processing. 

As  shown  in  the  figure,  the  NcMill-3Axis  and  Mream  combination  was  first  .selected  from 
the  MRV  table  for  the  cylindrical  through  hole  feature.  Its  initial  rule  set  identifies  the  need  for 
preliminary  processing  and  therefore  activated  the  NcMill-SAxisIMBore  knowledge  module  for 
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Feasible  Machining  Sequences; 
A.  a.  b,  c.  d  B.  a,  b,  d 


Figure  E21:  A  Knowledge  Module  Interaction 
example  for  a  Cylindrical  Through  Hole  MRV 
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MRV;  Cylindrical_Thru_Hole 

>  Combo: 

>  Rule  Module  Activated: 


NcMill-3Axis/MReam 

Cylindrical_Thru_Hole  MRV  /  NcMill-3Axis  /  MReam 


Figur6  E22.  A  Knowlodg©  Modul©  Evaluation  Example 
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the  same  manufacturing  feature.  A  search  for  an  MBore  tool  in  this  tool  class  which  is 
compatible  with  the  selected  milling  machine  instance  was  launched.  After  a  feasible  tool  was 
found,  the  need  for  further  preliminary  processing  was  again  identified  and  the  next  knowledge 
module  was  activated  to  satisfy  the  need.  In  this  example,  the  Mdrill  tool  class  was  called  and 
eventually  the  need  for  activating  the  Mcenter  tool  class  was  also  identified.  After  a  feasible  tool 
instance  was  found  from  each  activated  knowledge  module  and  the  Mcenter  does  not  require  any 
preliminary  processing,  the  search  for  a  feasible  machine  and  tool  instance  combination  is 
successfully  completed.  After  completing  the  search,  an  operation  is  created  for  each  feasible 
tool  instance  identified  in  the  process  and  temporarily  stored  in  the  system  with  its  associated 
elemental  MRV.  In  the  event  that  the  stored  machine  instance  is  ultimately  selected,  these 
temporarily  stored  operation  instances  will  be  included  in  the  process  plan  with  the  selected  tools 
and  elemental  MRV s.  If  no  feasible  tool  can  be  identified  in  any  activated  tool  class,  the  search 
process  has  to  be  back  tracked. 

E2.2.3  Selection  Procedure 

The  procedure  for  machine  and  tool  selection  is  shown  in  Figures  E23a  through  E23e. 
At  the  top  of  Figure  E23a,  each  MRV  group  is  sequentially  evaluated.  Two  MRV  lists  are 
initialized  for  each  MRV  group.  The  first  list,  called  the  Processed  MRVs  list,  contains  the  IDs 
of  the  MRVs  for  which  the  requked  machine  and  tool  instances  have  been  assigned.  The  other, 
called  the  Remaining  MRVs  list,  contains  the  IDs  of  MRVs  which  have  not  been  assigned  with 
machine  and  tool  instances.  An  MRV  remains  in  the  list  because  (1)  it  has  not  been  evaluated, 
(2)  It  has  constraining  MRV(s)  which  has  not  be  processed,  or  (3)  it  does  not  have  a  feasible 
machine  and  tool  instances.  Initially  all  MRVs  are  kept  in  the  Remaining  MRV  list. 

For  every  MRV  in  the  Remaining  MRV  list,  each  of  its  feasible  machine  classes  is 
identified  from  the  F/M/T  table  and  attached  with  a  Processable  MRVs  list.  Each  list  contains 
all  MRVs  in  the  Remaining  MRVs  list  which  can  be  potentially  processed  by  the  machine  class. 
The  MRVs  in  each  list  are  ranked  according  to  their  constraining  conditions.  That  is, 
unconstrained  MRVs  are  placed  first  in  the  list,  followed  by  constrained  MRVs.  The  number  of 
MRVs  in  each  Processable  MRVs  list  is  used  to  prioritize  the  search  of  their  corresponding 
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Figure  E23a:  Machine  and  Tool  Selection  Procedure 
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machine  classes.  As  shown  in  Figure  E23b,  the  approach  is  to  start  the  selection  procedure  by 
searching  first  the  machine  class  which  can  process  the  largest  number  of  MRVs  in  order  to 
minimize  the  number  of  machine  setups. 

In  order  to  keep  tracks  of  findings  regarding  feasible  machine  and  tool  instances  for  the 
MRVs  in  the  Processable  MRVs  list  under  evaluation,  an  MRVs  Processing  matrix  is  created  for 
each  machine  class.  The  rows  in  the  matrix  list  machine  instances  in  the  class,  while  the 
columns  list  all  MRVs  in  the  Processable  MRVs  list.  When  a  feasible  machine  and  its 
compatible  tools  are  found  for  an  MRV,  the  tool  IDs  are  stored  in  an  appropriate  cell  in  the 
matrix.  The  process  continues  to  examine  each  machine  instance  and  to  identify  compatible  tools 
required  for  each  MRV.  If  a  feasible  machine  can  not  be  matched  with  all  required  tools,  the 
machine  is  considered  infeasible  for  the  MRV  and  thus  the  corresponding  cell  is  marked 
infeasible.  As  a  result,  the  machine  instance  also  becomes  infeasible  for  all  subsequent  MRVs 
constrained  by  this  MRV. 

For  the  selected  machine  class,  a  tool  class  compatible  with  both  the  MRV  and  the 
machine  class  is  randomly  selected.  As  shown  in  Figure  E23c,  the  tool  class  is  evaluated  for  its 
capability  of  meeting  the  stringiest  tolerance  and  surface  finish  MRV’s  specifications.  The 
knowledge  module  for  the  machine  and  the  qualified  tool  class  is  then  activated  to  identified 
feasible  machine  and  tool  instances  for  this  MRV.  As  shown  in  Figure  E23d,  the  selection 
procedure  begins  by  evaluating  a  machine  instance  with  the  machine  feasibility  rules  in  the  main 
rule  set  of  the  knowledge  module.  A  feasible  is  then  matched  to  tool  instances  in  the  selected 
tool  class  with  the  tool  feasibility  rules  in  the  main  set.  After  a  feasible  tool  is  found,  the  initial 
rule  set  in  the  module  is  activated  to  evaluate  the  need  for  preliminary  processing  of  the  MRV. 
Based  on  the  identified  need,  an  appropriate  knowledge  module  is  triggered.  After  all  required 
tools  are  identified  for  processing  the  MRV  on  the  machine  instance,  a  tentative  cluster  instance 

IS  created  and  stored  in  the  MRVs  processing  matrix  to  define  all  operation  instances,  their  tools, 
and  elemental  MRVs. 

As  depicted  in  Figure  E23e,  after  the  matrix  for  a  machine  class  is  evaluated,  the  machine 
instance  which  can  process  the  greatness  number  of  the  MRVs  is  selected  as  the  challenger  to 
compare  to  the  incumbent  machine  instance.  It  replaces  the  incumbent  if  the  challenger  can 
process  more  MRVs.  The  incumbent  is  compared  to  the  next  highest  ranked  Processable  MRVs 
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Figure  E23b:  Machine  and  Tool  Selection  Procedure 

(continued) 
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Figure  E23d;  Machine  and  Tool  Selection  (*) 
(continued) 
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Figure  23e:  Machine  and  Tool  Selection  Procedure 

(continued) 
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list.  If  the  list  contains  more  MRVs  than  the  incumber  can  process,  another  MRVs  Processing 
matrix  is  created  for  its  corresponding  machine  class  and  the  search  process  resumes  for  the 
MRVs  in  the  newly  selected  Processable  MRVs  list.  If  no  machine  can  potentially  do  better  than 
the  incumbent,  a  subprocess  is  then  created  to  store  the  MRVs,  machine  instance,  operation 
clusters,  and  other  process  plan  elements  which  are  temporarily  stored  under  the  current 
incumbent.  All  the  MRVs  included  in  this  subprocess  are  transferred  from  the  Remaining  MRVs 
list  to  the  Processed  MRVs  list.  The  process  continues  until  all  remaining  MRVs  in  the  group 
ai-e  assigned  or  identified  as  problem  MRVs  and  all  MRV  groups  are  processed. 

E2.3  Process  Plan  Evaluation  (Phase  3) 

This  section  describes  process  plan  evaluation  and  illustrate  a  process  plan  example,  the 
evaluation  process  is  explained  in  the  first  section.  The  example  is  given  in  the  second  section. 

E2.3.1  Process  Plan  Evaluation 

Each  process  plan  instance  is  evaluated  based  on  the  selected  objective  (minimum  number 
of  setups  or  minimum  relative  machining  cost).  If  the  evaluation  does  not  show  an  improvement 
over  the  threshold  value  or  if  no  stopping  criterion  is  met,  a  new  process  plan  is  generated  for 
the  part  design  by  creating  a  different  MRV  sequence  or  by  selecting  different  manufacturing 
resources  than  those  chosen  in  the  previously  generated  process  plans.  Stopping  criteria 
implemented  are  computer  run  time  or  number  of  feasible  plans  stored.  When  the  entire  feasible 
solution  space  is  searched,  the  best  feasible  plan  previously  created  is  the  optimal  and  the  search 
IS  terminated.  If  no  plan  exists,  the  problem  is  reported  and  the  program  exits.  After  tlie  search 
IS  over,  the  best  plan  is  presented  to  the  user  for  manual  review  and  final  approval.  Only  those 
plans  approved  by  an  authorized  reviewer  can  be  stored  in  the  database  system. 

E2.3.2  A  process  plan  example 

A  process  plan  for  the  sample  part  as  shown  in  Figure  E3  is  included  at  the  end  of  this 
appendix.  The  header  section  includes  admini.strative  information  such  as  plan  ID  and  version, 
planning  and  approval  dates,  part  ID  and  version,  material  specifications,  the  selected  stock  ID, 
and  the  total  number  of  machine  setups  required.  This  plan  consists  of  nine  subproceses.  Each 
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subprocess  includes  the  machine  instance  ID,  a  description  of  the  setup  (added  manually  by  the 
user),  the  NC  program  ID  (added  when  it  is  created  by  the  NC  program  generator)  and  tool 
access  direction  infonriation.  Also  shown  in  the  figure  are  the  operation  clusters  required  for 
removal  of  MRV s  attached  to  each  subprocess.  The  individual  operations  required  to  completely 
remove  an  MRV  are  located  within  each  cluster  with  their  corresponding  elemental  MR  Vs  and 
tool  assembly  requirement.  A  total  of  20  operations  are  specified  to  process  this  part  design  on 
two  milling  machines  and  four  tool  assemblies.  The  complete  MRV  information  for  the  part  is 
also  included. 
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process.oui 


I 


Plan  ID  ;  18 

Plan  Version  :  1 
Planning  Date  :  10/16/1994 
Approval  Date  : 

Approved  By  : 


Part  ID 
Part  Name 
AISI/SAE  Code 
Stock  ID 
Total  Setups 


18 

5005 

CR-2 

9 


I 


Sub  Process  ID  :  1 
Machine/Setup  ID  ;  1 
Description  : 

NC  Program  : 


MRV  Subset  ID  ;  1 
Access  Direction  :  [  0,0,-l  ] 

Machine  ID  :  NMTM-8 

Machine  Name  :  NcMill-3Axis 

Machine  Type  :  Vertical 

Fixture  Assy  ID  : 

Fixture  Assy  Type  : 


>Operation  Cluster  ID  : 
MRV  ID  ; 

MRV  Type  ; 

>0peration  ID 
Name 

ToolAssy  ID 
Tool Assy  Name 
E-MRV  ID 
E-MRV  Type 


1-1 

106 

rectangular_slab_MRV 

;  1-1-1 

:  FaceMill-1 
:  Face  Mill 
:  1 

:  rectangular_slab 


Sub  Process  ID  ;  2 
Machine/Setup  ID  :  2 
Description  : 

NC  Program  : 


MRV  Subset  ID  ;  2 
Access  Direction  :  [  -1,0,0  ] 

Machine  ID  :  NMTM-8 

Machine  Name  :  NcMill-3Axis 

Machine  Type  :  Vertical 

Fixture  Assy  ID  : 

Fixture  Assy  Type  : 


I 


>0peration  Cluster  ID  : 
MRV  ID  ; 

MRV  Type  : 

>0peration  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 


2-1 

102 

rectangular_slab_MRV 

:  2-1-1 

:  FaceMill-1 
:  Face  Mill 
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I 

I 

I 


★  *  ★  * 


★  *  *  ★ 


I 


E-MRV  ID  ;  2 

E-MRV  Type  :  rectangular_slab 


Sub  Process  ID  :  3 
Machine/Setup  ID  :  3 
Description  : 

NC  Program  : 


MRV  Subset  ID  :  3 
Access  Direction  :  [  0,1,0  ] 


Machine  ID  :  NMTM-8 

Machine  Name  :  NcMi 11-3 Axis 

Machine  Type  :  Vertical 

Fixture  Assy  ID  ; 

Fixture  Assy  Type  : 


>0peration  Cluster  ID 
MRV  ID 
MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
Tool Assy  Name 
E-MRV  ID 
E-MRV  Type 


:  3-1 
:  103 

:  rectangular_slab_MRV 

:  3-1-1 

:  FaceMill-1 
;  Face  Mill 
:  3 

:  rectangular_slab 


Sub  Process  ID  :  4 
Machine/Setup  ID  :  4 
Description  : 


NC  Program  : 

MRV  Subset  ID  :  4 
Access  Direction  :  [  0,-l,0  ] 

Machine  ID  :  NMTM-8 

Machine  Name  :  NcMill-3Axis 

Machine  Type  :  Vertical 

Fixture  Assy  ID  ; 

Fixture  Assy  Type  : 


>Operation  Cluster  ID 
MRV  ID 
MRV  Type 

>0peration  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


:  4-1 
:  104 

:  rectangular_slab_MRV 

:  4-1-1 

;  FaceMill-1 
:  Face  Mill 
:  4 

:  rectangular_slab 
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*********-k**-^-i:-k-k*-kir-k-kic’kic* 


I  Sub  Process  ID 

I  Machine/Setup  ID 

I  Description 


I 


NC  Program  : 

MRV  Subset  ID  :  5 
Access  Direction  :  [  0,0,1  ] 


Machine  ID 
Machine  Name 
Machine  Type 
Fixture  Assy  ID 
Fixture  Assy  Type 


NMTM-8 

NcMill-3Axis 

Vertical 


>0peration  Cluster  ID  :  5-1 


MRV  ID 
MRV  Type 


>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


105 

rectangular_slab_MRV 
5-1-1 

FaceMill-1 
Face  Mill 
5 

rectangular_slab 


Sub  Process  ID 


Machine/Setup  ID 
Description 

NC  Program 

MRV  Subset  ID 
Access  Direction 


[  1,0,0  ] 


Machine  ID 
Machine  Name 
Machine  Type 
Fixture  Assy  ID 
Fixture  Assy  Type 


NMTM-8 

NcMill-3Axis 

Vertical 


>0peration  Cluster  ID  :  6-1 


MRV  ID 
MRV  Type 


>0peration  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


101 

rectangular_slab_MRV 
6-1-1 

FaceMill-1 
Face  Mill 
6 

rectangular_slab 


******************************^^^^ 

Sub  Process  ID  :  7 
Machine/Setup  ID  :  7 
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I  Description  : 

I  NC  Program  : 

I  MRV  Subset  ID  :  7 

I  Access  Direction  :  [  1,0,0  ] 

I  Machine  ID  :  NMTM-1 

I  Machine  Name  :  NcMil 1-3 Axis 

I  Machine  Type  :  Vertical 

I  Fixture  Assy  ID 

I  Fixture  Assy  Type  : 


>Operation  Cluster  ID  :  7-1 
MRV  ID  .  5 

MRV  Type  ;  rectangular_slab_MRV 


>Operation  ID 
Name 

Tool Assy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


7-1-1 

EndMill-16 

End  Mill  Tool  Assembly 
7 

rectangular_slab 


>Operation  Cluster  ID 
MRV  ID 
MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 

>0peration  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


:  7-2 

:  6 

:  rounded_cuboid_pocket_MRV 
:  7-2-1 
:  EndMill-17 

:  End  Mill  Tool  Assembly 
s  8 

:  cylindrical_blind_hole 
:  7-2-2 
:  EndMill-17 

:  End  Mill  Tool  Assembly 
:  9 

:  rounded_cuboid  pocket 


I  Sub  Process  ID  ;  8 
I  Machine/Setup  ID  :  8 
I  Description  : 

I  NC  Program  : 


MRV  Subset  ID  :  8 
Access  Direction  :  [  -1,0,0  ] 

Machine  ID  :  nMTM-1 

Machine  Name  :  NcMill-3Axis 

Machine  Type  :  Vertical 

Fixture  Assy  ID  : 

Fixture  Assy  Type  : 


>Operation  Cluster  ID  :  8-1 
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I 


MRV  ID 
MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
Tool Assy  Name 
E-MRV  ID 
E-MRV  Type 


7 

rectangular_slab_MRV 
:  8-1-1 
:  EndMill-16 

:  End  Mill  Tool  Assembly 
:  10 

:  rectangular_slab 


I 


>Operation  Cluster  ID  : 
MRV  ID  . 

MRV  Type  . 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


8-2 

8 

rounded_cuboid_pocket_MRV 
:  8-2-1 
:  EndMill-17 

:  End  Mill  Tool  Assembly 
:  11 

:  cylindrical_blind_hole 
:  8-2-2 
:  EndMill-17 

:  End  Mill  Tool  Assembly 
:  12 

:  rounded_cuboid_pocket 


Sub  Process  ID  :  9 
Machine/Setup  ID  :  9 
Description  : 


NC  Program 


I 


MRV  Subset  ID  ;  9 
Access  Direction  :  [  0,0,1  ] 

Machine  ID  :  NMTM-8 

Machine  Name  :  NcMill-3Axis 

Machine  Type  :  Vertical 

Fixture  Assy  ID  : 

Fixture  Assy  Type  : 


>Operation  Cluster  ID  : 
MRV  ID  . 

MRV  Type  : 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


>0peration  Cluster  ID  ; 
MRV  ID  ; 
MRV  Type  ; 


9-1 

3 

rectangular_slab_MRV 
:  9-1-1 
:  EndMill-45 

:  End  Mill  Tool  Assembly 
:  13 

:  rectangular_slab 


9-2 

4 

rectangular_slab_MRV 
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>Operation  ID 
Name 

Tool Assy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


9-2-1 

EndMill-1 

End  Mill  Tool  Assembly 
14 

rectangular_slab 


I 


:  1 

:  rounded_cuboid_pocket_MRV 


>Operation  Cluster 
MRV  ID 
MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


9-3-1 

MDRILL-79 

Jobber  Drill  Assembly 

15 

Tube_E 1 emen t a 1_MRV 
9-3-2 

EndMill-45 

End  Mill  Tool  Assembly 

16 

cylindrical_blind_hole 

9-3-3 

EndMill-45 

End  Mill  Tool  Assembly 
17 

rounded_cuboid_pocket 


>Operation  Cluster  ID  : 
MRV  ID  \ 

MRV  Type  ; 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 

>Operation  ID 
Name 

ToolAssy  ID 
ToolAssy  Name 
E-MRV  ID 
E-MRV  Type 


9-4 

2 

rounded_cuboid_pocket_MRV 
:  9-4-1 
:  MDRILL-79 

:  Jobber  Drill  Assembly 
:  18 

:  Tube_Elemental_MRV 
9-4-2 

EndMill-45 

End  Mill  Tool  Assembly 

19 

cylindrical_blind_hole 

9-4-3 

EndMill-45 

End  Mill  Tool  Assembly 

20 

r  ounded_cubo i d_poc ke t 
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Group  ID  IS  n 


Group  ID  is 
Group  Reference  Point 
Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 

Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 

Island (s)  Information  : 

Tolerance  Information  of  MRV  : 


(5,0.758929,-1.42857) 

106 

rectangular_slab_MRV 

0 

x=10, y=l. 51786, z=2. 51786 
0 
0 

0,  0,  -2.6875 
0 

(0,0,-l) 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 

Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 

Island(s)  Information  : 

Tolerance  Information  of  MRV  : 


102 

rectangular_slab_MRV 

0 

x=l. 57143, y=8. 75, 2=8.75 
0 
0 

-4.21429,  0,  0.428571 
0 

(-1,0,0) 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 

Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 

Island (s)  Information  : 

Tolerance  Information  of  MRV  ; 


103 

rectangular_slab_MRV 

0 

x=10,y=l. 51786, z=8.75 
0 
0 

0,  3.61607,  0.428571 
0 

(0,1,0) 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 

Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 

Island(s)  Information  : 

Tolerance  Information  of  MRV  : 


104 

rectangular_slab_MRV 

0 

x=10,y=l. 51786, z=8.75 
0 
0 

0,  -3.61607,  0.428571 
0 

(0,-l,0) 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 


105 

rectangular_slab_MRV 

0 

x=10,y=8.75, z=2.51786 
0 
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Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 

Island (s)  Information  : 

Tolerance  Information  of  MRV  : 


0 

0,  0,  3.54464 
0 

(0,0,1) 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 

Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 

Island (s)  Information  : 

Tolerance  Information  of  MRV  : 


101 

rectangular_slab_MRV 

0 

x=1.57143,y=8.75, z=8.75 
0 
0 

4.21429,  0,  0.428571 
0 

(1,0,0) 


[ 


Group  ID  is 

Group  Reference  Point 

Final  MRV  's  ID 


Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  : 


IS 


.Feature  ID 
Face  ID  is 
its  normal  is 
. .Feature  ID  is 
Face  ID  is 
its  normal  is 
..Feature  ID  is 
Face  ID  is 
its  normal  is 
. .Feature  ID  is 
Face  ID  is 
its  normal  is 
..Feature  ID  is 
Face  ID  is 
its  normal  is 


8 

0 

(0,0,1) 

8 

1 

(0,0,-l) 

8 

2 

(0,-l,0) 

8 

4 

(0,1,0) 

8 

5 

(1, 0, o: 


Conditonal  Open  Faces  Informatior 
Island(s)  Information  ; 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 


Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 
surface  finish  I  32  |  (8,3)] 


1 

(3.42857,2.85714,2.28571) 

5 

rectangular_slab_MRV 

3 

x=0.571429,y=5.71429,z=3 .71429 
0 
1 

3.14286,  0,  0.428571 
0.285714 
(1,0,0) 


12 

r  egu 1 ar_cubo i d_bo s  s 
8 

x=0. 571429, y=4. 57143, z=2. 28571 
0 
0 

3.14286,0,0 

1,0,0 
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Tolerance  Information  of  MRV  : 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  : 
Conditonal  Open  Faces  Inforrr 
. .Feature  ID  is  8 

Face  ID  is  0 

its  normal  is  (1,0,0) 

Conditioned  by  MRV  5 
Island(s)  Information  : 
Tolerance  Information  of  MRV  : 


6 

rounded_cuboid_pocket_MRV 

4 

x=0 .285714,y=4, z=l. 71429 
0.25 
2 

3.28571,  0,  0 
0.142857 
(1.0,0) 

ion  : 
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Group  ID  is 
Group  Reference  Point 
Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  : 


. .Feature  ID  is 

9 

Face  ID  is 

0 

its  normal  is 

(0,0,1) 

..Feature  ID  is 

9 

Face  ID  is 

1 

its  normal  is 

(0,0,-l) 

..Feature  ID  is 

9 

Face  ID  is 

2 

its  normal  is 

o 

1 

O 

. .Feature  ID  is 

9 

Face  ID  is 

3 

its  normal  is 

1 

o 

o 

..Feature  ID  is 

9 

Face  ID  is 

4 

its  normal  is 

(0,1,0) 

Conditonal  Open  Faces 

Information 

Island (s)  Information 

; 

_ Island  ID  is 

Island  Type  is 

Island's  creating 

feature  id  = 

Island  Dimension  is 

Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 
Tolerance  Information  of  MRV  : 


2 

(-3.42857, -2.85714,-1.42857) 

7 

rectangular_slab_MRV 

5 

x=0. 571429, y=5. 71429, z=3 .71429 
0 
1 

-3.14286,  0,  0.428571 
0.285714 
(-1,0,0) 


13 

regu lar_cubo i d_bo  s  s 
9 

x=0 .571429,y=4 . 57143 , z=2 .28571 
0 
0 

-3.14286,0,0 

-1.0,0 


Final  MRV  's  ID 
Type  is 


8 

rounded_cuboid_pocket_MRV 
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Creating  Inter-MRV's  ID 

Dimension 

Corner  radius  is 

Sequence  id  is 

Location  is 

Dist  to  B_Box  is 

Orientation  is 

Open  Faces  Information  : 

Conditonal  Open  Faces  Information 


. .Feature  ID  is  9 

Face  ID  is  0 

its  normal  is  (-1,0,0) 

Conditioned  by  MRV  7 
Island(s)  Information  : 
Tolerance  Information  of  MRV  : 


6 

x=0. 285714, y=4, 
0.25 
2 

-3.28571,  0,  0 
0.142857 
(-1,0,0) 


z=l .71429 


Group  ID  is 

Group  Reference  Point 

Final  MRV  's  ID 


Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  : 


.Feature  ID 
Face  ID  is 
its  normal  is 
.Feature  ID  is 
Face  ID  is 
its  normal  is 
.Feature  ID 
Face  ID  is 
its  normal  is 


IS 


IS 


3 

0 

(0,0,1) 

3 

2 

(0,-l,0) 

3 

4 

(0,1,0) 


Conditonal  Open  Faces  Information 
..Feature  ID  is  3 

Face  ID  is  3 

its  normal  is  (-1,0,0) 

Conditioned  by  MRV  7 


. .Feature  ID  is  3 

Face  ID  is  5 

its  normal  is  (1,0,0) 

Conditioned  by  MRV  5 
Island(s)  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 


Island's  distance  to  the  MRV 
Island  Corner  Radius 


3 

(2.85714,2.85714,2.28571) 

3 

rectangular_slab_MRV 

2 

x=5. 71429, yz:5. 7 1429,  z=0 .571429 
0 
1 

0,  0,  2 
0.285714 
(0,0,1) 


3 

cylindrical_boss 

4 

rx=:0. 2857 14,  ry=0. 2857 14,  h=0 .571429 
0 
0 

2.42857,2.42857,2 

0,0,1 


4 

cylindrical_boss 

5 

rx=0 .285714, ry=0 .285714, h-0 .571429 
0 
0 


Tue,  Oct  18, 1994  06>io:51 


MRVJNFOiiMA  TION 


Page  5 


Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  ; 
Tolerance  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

[surface  finish  I  32  |  (7,4)] 
[position  I  0.001  |  B  C  |  (  7)|  MMC] 
Tolerance  Information  of  MRV  : 


2.42857,-2.42857,2 

0,0,1 


5 

cylindrical_boss 

6 

rx=0 .285714, ry=0 . 285714, h= 0.571429 

0 

0 

-2.42857,-2.42857,2 

0,0,1 


6 

cylindrical_boss 

rx=0 .285714, ry=0 .i85714,h=0.571429 
0 
0 

-2.42857,2.42857,2 

0,0,1 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  : 


.Feature  ID  is 
Face  ID  is 
its  normal 
. .Feature  ID 
Face  ID  is 
its  normal 


3 

2 


IS 

is 


IS 


(0,-l,0) 

3 

4 

(0,1,0) 


Conditonal  Open  Faces  Information 


0,0) 


.  .Feature  ID  is 
Face  ID  is 
its  normal  is 
Conditioned  by  MRV 
. .Feature  ID  is 
Face  ID  is 
its  normal  is 
Conditioned  by  MRV 
.  .Feature  ID  is 
Face  ID  is 
its  normal  is 
Conditioned  by  MRV 
Island(s)  Information 

_ Island  ID  is 

Island  'Type  is 

Island's  creating  feature  id 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 


3 
3 

(-1 
7 
3 
5 

(1,0,0) 

5 

3 

0 

(0,0, 1) 

3 


4 

rectangular_s lab_MRV 
2 

x=5.71429,y=5.71429, z=0.285714 
0 
2 

0,  0,  1.57143 
0.714286 
(0,0,1) 


7 


cylindrical_boss 


4 

rx=0. 285714, ry=0 .285714, h=0 .285714 


0 

0 
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Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 

[surface  finish  I  32  |  (7,4)] 
[position  I  0.001  I  B  C  I  (  7) |  MMC] 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  ; 
Tolerance  Information  : 

Tolerance  Information  of  MRV  : 


2.42857,2.42857,1.57143 

0,0,1 


8 

cylindrical_boss 

5 

rx=0. 285714, ry=0. 285714, h=0. 285714 
0 
0 

2.42857,-2.42857,1.57143 

0,0,1 


9 

cylindrical_boss 

6 

rx=0. 285714, ry=0. 285714, h=0. 285714 
0 
0 

-2.42857,-2.42857,1.57143 

0,0,1 


10 

cylindrical_boss 

7 

rx=0. 285714, ry=0. 285714, h=0. 285714 
0 
0 

-2.42857,2.42857,1.57143 

0,0,1 


11 

cylindrical_boss 

3 

rx=0. 428571, ry=0 . 428571,  h=0 .285714 
0 
0 

-0.012923,0,1.57143 

0,0,1 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  : 


Conditonal  Open  Faces  Information 
..Feature  ID  is  0 

Face  ID  is  0 

its  normal  is  (0,0,1) 

Conditioned  by  MRV  4 
Island (s)  Information  : 


1 

rounded_cubo i d_poc ke t_MRV 
1 

x=4,y=4, z=0. 714286 

0.25 

3 

0,  0,  1.07143 
1.21429 
(0,0,1) 
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_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 
Tolerance  Information  of  MRV  : 
surface  finish  |  32  I  (  1,4)]' 


1 

cylindrical_boss 

3 

rxz:0. 428571,  ry=0 . 42857  l,h=0 .714286 
0 
0 

-0.012923,0,1.07143 

0,0,1 


Final  MRV  's  ID 
Type  is 

Creating  Inter-MRV's  ID 
Dimension 
Corner  radius  is 
Sequence  id  is 
Location  is 
Dist  to  B_Box  is 
Orientation  is 
Open  Faces  Information  ; 
Conditonal  Open  Faces  Information 
..Feature  ID  is  0 

Face  ID  is  0 

its  normal  is  (0,0,1) 

Conditioned  by  MRV  1 
Island(s)  Information  : 

_ Island  ID  is 

Island  Type  is 

Island's  creating  feature  id  = 
Island  Dimension  is 
Island's  distance  to  the  MRV 
Island  Corner  Radius 
Island  Location  is 
Island  Orientation  is 
Contact  Faces  Information  : 
Tolerance  Information  : 
[position  I  0.01  I  B  C  |  (  2) |  MMC] 
Tolerance  Information  of  MRV  : 
[surface  finish  I  32  |  (1,4)] 


2 

rounded_cuboid_poc)cet  MRV 
1 

x=4,y=4, z=0 .714286 

0.25 

4 

0,  0,  0.357143 
1.92857 
(0,0,1) 


2 

regular_cuboid_boss 

2 

x=2. 28571, y=2. 28571, z=0. 714286 
0 
0 

0,0,0.357143 

0,0,1 


The  final  bounding  box  (-3.42857,-2.85714,-1.42857) 


(3.42857,2.85714,2.28571) 


The  select  stock  's  type  is  Aluminum 

The  select  stock  's  shape  is  Round 

The  stock's  dimension  =  length=10,  diameter_x=8 . 75 

The  select  stock  's  AISI  code  is  5005 

The  select  stock  's  ID  =  CR-2 


diameter_y=8 .75 


_ '  Sequence  #  |  Constrained  By 


0 

0 

0 

0 

0 

0 

1 

1 


106 

102 

103 

104 

105 
101 

5 

6 


rectangular_slab_MRV 
rectangular_slab_MRV 
rectangular_slab_MRV 
rectangular_slab_MRV 
rectangular_slab_MRV 
rectangula  r_s 1 ab_MRV 
rectangular_slab_MRV 
rounded_cuboid_pocket_MRV 


0 

0 

0 

0 

0 

0 

1 

2 


5 
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2 

2 

3 

3 

3 

3 


7 

8 

3 

4 
1 
2 


rectangular_slab_MRV  1 


rounded_cuboid_pocket_MRV  2  7 

rectangular_slab_MRV  1  7,  5 

rectangular_slab_MRV  2  1,  S,  3 

rounded_cuboid_pocket_MRV  3  4 

rounded_cuboid_pocket_MRV  4  1 
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Appendix  F:  NC  Program  Generator 


Appendix  F:  NC  Program  Modeling 


FI.  Introduction 

The  feature-based  NC  program  modeling  system  retrieves  a  feature-based  process  plan, 
generates  NC  codes,  and  organizes  them  into  an  NC  program  model.  The  major  tasks  for  this 
system  are;  1)  development  of  the  system  framework  for  automatic  NC  program  modeling,  2) 
development  of  an  algorithm  for  orienting  the  MRV  and  laying  out  the  work  station  for  setup, 
3)  development  of  an  algorithm  for  selection  of  a  tool  path  strategy,  4)  development  of  an 
algorithm  for  selecting  machining  parameters,  5)  development  of  an  algorithm  for  generation  of 
an  NC  program,  and  6)  implementation  of  these  developments  into  a  computer  software  system. 
These  tasks  also  led  to  development  of  an  NC  programming  knowledge  base  and  the  an  object 
class  sti-ucture  for  NC  codes  management. 

F2.  NC  Program  Modeling  Methodology 

The  overall  system  framework  for  automatic  NC  program  modeling  is  depicted  in  Figure 
FI.  It  starts  with  a  process  plan,  identifies  MRVs  required  for  an  NC  program,  organizes  the 
required  programming  data  from  the  selected  MRV  and  resources,  determines  the  tool  path, 
generates  the  NC  codes,  verifies  the  path  and  NC  codes,  integrates  the  NC  code  segments  into 
a  final  NC  program,  stores  it  as  an  NC  program  model,  and  attaches  it  to  an  appropriate 
subprocess  of  the  retrieved  process  plan. 

The  process  begins  by  retrieving  an  approved  process  plan  and  identifying  each  un¬ 
evaluated  subprocess.  Only  the  subprocess  plans  whicli  specify  an  NC  machine  require  an  NC 
program.  Those  subprocesses  which  have  an  NC  program  already  created  need  not  be 
programmed  either.  To  program  each  subprocess,  the  machine/station  instance  specified  for  the 
subprocess  and  the  corresponding  controller  are  retrieved.  According  to  the  process  plan 
structure,  a  subprocess  may  contain  several  operation  clusters  and  each  cluster  may  in  turn  have 
multiple  machining  operations.  Thus,  the  NC  program  modeling  system  evaluates  one  operation 
(i.e.,  MRV)  of  one  cluster  at  a  time.  Each  operation  signifies  a  change  in  cutting  tool  and 
creation  of  a  new  MRV.  Although  MRVs  may  have  constraining  island(s)  attached  to  them,  each 
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tool  selected  is  presumably  feasible  for  the  MRV  with/(out)  constraining  islands. 

As  an  MRV  is  retrieved  and  their  associated  attributes  are  retrieved,  the  location, 
dimensions  and  orientation  of  the  MRV  are  re-evaluated  to  specify  the  required  geometries  of 
the  MRV  such  as  extreme  points  and  constraining  faces  for  tool  path  generation.  For  each  MRV 
type,  a  separate  algorithm  is  needed  to  generate  these  geometries.  The  process  plan  does  provide 
each  MRV  with  the  above  input  data  plus  a  reference  point  for  each  MRV  with  respect  to  the 
base  part;  however,  these  data  must  be  refined  to  support  the  NC  programming  environment.  An 
algorithm  has  been  developed  to  change  the  reference  point  to  zero  and  reset  the  vertex  points 
of  each  MRV  to  a  new  value  with  respect  to  the  reference  point  in  the  new  orientation.  After 
the  rotation  and  resetting  of  the  reference  point  related  to  each  MRV  is  accomplished,  the 

reference  point  is  now  set  to  (0,0,0)  for  the  programming  purpose  and  defined  as  the  starting 
location  in  the  NC  program. 

After  the  preparation  is  finished,  the  MRV  is  evaluated  to  check  if  a  canned  cycle  is 
available  on  the  controller  for  the  selected  machine  and  tool  instance.  To  facilitate  the  checking 
procedure,  MRVs  are  categorized  into  eight  groups.  Each  group  represents  a  major  canned  cycle 
type  either  currently  available  on  a  machine  controller  or  having  unique  characteristics  warranted 
for  a  separate  treatment.  All  machine  controllers,  except  some  older  machine  controllers,  provide 
some  basic  pnsmatic  and  circular  canned  cycles.  Existing  canned  cycles  on  a  selected  number 
of  machine  controllers  are  identified  in  Table  FI.  However,  generic  canned  cycles  are  critical 
to  ensure  the  support  the  wide  range  of  MRV  types.  The  classification  and  definition  of  MRVs 
were  based  on  their  open  faces  and  constraining  faces.  Figure  F2  shows  the  table  used  to  record 
the  mapping  relationship  between  an  MRV  group  and  a  machine  controller.  Each  cell  in  the 
table  IS  a  pointer  pointing  to  a  pre-conditional  rule  set  to  verify  the  fitness  an  MRV  for  existing 
canned  cycles  on  the  controller.  Each  MRV  is  evaluated  in  two  manners:  with  islands  and 
without  islands.  Figure  F3  lists  the  rules  used  to  evaluate  the  MRVs  in  Group  E  for  the  BDX32 
controller.  These  rules  are  compiled  to  facilitate  the  search  for  a  canned  cycle  that  perfonns  the 

correct  machining  operation  based  on  the  given  tool,  machine  controller,  elemental  MRV,  and 
its  constraining  island(s). 

Figure  F4  shows  a  formatted  rule  set  which  consists  of  tree  sections:  variable 
retrieve/calculate,  machine  parameter  retrieve/calculate,  and  formatted  statement.  As  each  MRV 
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Function 

Rapid  Travel 
Linear  Travel 


Arc-C.W. 

Arc-C.C.W. 


Ellipse  Mill 


Cancel  Comp 


Cutter  Comp  L 
Cutter  Comp  R 


ZigZag  Mill 


Pocket  Mill 


Bore  Mill 


Cancel  Drill 


Drill 


Spot  Face 
Deep  Drill 


Drill  Bore 


Outside  Frame 
Inside  Frame  Mill 


Pocket  Frame  Mill 
Outside  Face  Mill 
Inside  Face  Mill 


Outside  Circle 
Inside  Circle  Mill 
Pocket  Circle  Mill 
Slot  Mill 


Table  FI: 

3-Axis  Milling  Machines 

Canned  Cycle  &  Preparatory  G-Code  Function  Relationship 

Anilam  Bridgeport  G.E.  Heidenhain  Allen  Fanuc 

Crusader  DX32  1050  TNC  2500  Bradley  IIM 


Allen 

Bradley 

8200 


0 

(X) 

0 

0 

1 

(X) 

1 

1 

2 

(X) 

2 

2 

3 

(X) 

3 

3 

MRV 

Group 


Controller 


Anilam 


BDX32 


AB7320 


BDX32  -  Pre-Conditional  Rule  Set  -  Group  E 


IF  ElementaLMRV  has  an  ElementaLIsland 

If  Regular_Cuboid_Boss  or  Rounded_Cuboid_Boss  and 

Elemental_MRV  finish_alIowance  =  0  Then  BDX32  Frame  Finish 

ElementaLIsland  =  Cylindrical_Boss  and  Elemental  MRV 
finish_allowance  =  0  Then  BDX32  Circle  Finish 

«  finish_allowance  >  0  Then  Generic  Rectangular  Slab 

Rough  W/Island 

Elementol  MRV  finish_allowance  =  0  Then  Generic  Rectangular  Slab 
Finish  W/Island 

Record  Condition 

ElementaLMRV  has  no  ElementaLIsland 

IF  Elemental.MRV  fmish.allowance  =  0  and  Elemental  MRV  heisht  (  zl  <  25 
Then  Zig  Zag  Face  WO/Comp  '  ®  — ’ 


Else  If 

Else  If 

Else  If 

Else 


Else  IF 


Else  IF 

Else  If 

Else  If 


ElementaLMRV  finish_allowance  =  0  Then  Zig  Zag  Face  W/Como 
Finish 

ElementaLMRV  finish_allowance  >  0  Then  Generic  Rectangular  Slab 
Rough 

ElementaLMRV  fmish_allowance  =  0  Then  Generic  Rectangular  Slab 
Finish 


Else 


Else  Record  Condition 

Record  Condition 


Figure  F3  :  Pre-Conditional  Rule  Set  Example 
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BDX32  -  Zig  Zag  Face  W/Comp  Finish 


VARIABLE  RETRIEVE/CALCULATE  SECTION 

<TOOLNUM>  =  Set  to  Tool  Change  value  <TOOLNlJM> 

<XPOS>=  (Pi,  +  ((P2,-PiJ/2)) 

<YPOS>=  (Ply  +  ((P2y-Ply)/2)) 

<XINC>  =  Elemental  MRV  dimension  (x,_,_):  width  in  X 

<YINC>  =  Elemental  MRV  dimension  (_,y,  ):  length  in  Y 

<nPM>  =  set  to  ipm 
<ZABSRAPID>  =  Set  to  .1 

ZABSRAPID  +  (Elemental  MRV  dimension  C_.z) 
<ZDOC>  =  set  to  depth_of_cut 

<XCLEAR>  =  (cbdiameter  *  1.5) 

<OVERLAP>  =  (cbDiameter  *  .8) 

<FIPMP>  =  set  to  ipm  *  .8 


MACHINE  PARAMETER  RETRIEVE/CALCULATE  SECTION 
assemblylD  =  ToolAssembly  id 

tooLnumber  =  Incremental  number  based  on  the  sequence  of  Operation 

sfm  =  get  from  "End  Milling"  table  in  variable  fpm 

rpm  =  (12  *  sfm)  /  (tc  *  cbDiameter) 

ipt  =  get  from  "End  Milling"  table  in  variable  ipt 

ipr  =  ipt  *  edgeNumber 

ipm  =  rpm  *  ipr 

depth_of_cut  =  If  cbDiameter  <=  1.00  then  .1 

Elseif  cbDiameter  >  1.00  &  <=  3.00  then  cbDiameter*.5 
else  .05 

tooLtime  =  n/a 


FORMATTED  STATEMENT 


<ZDOC> 


'  <cbDiameter><EOB> 


Figure  F4  :  Formatted  Rule  Set  Example 
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IS  evaluated,  its  allowance  for  finish  operation  is  al.so  checked.  If  an  allowance  is  detected,  the 
NC  program  modeler  will  select  a  roughing  canned  cycle  appropriate  to  the  tool  and  the  MRV. 
If  no  allowance  is  found,  a  finishing  canned  cycle  is  generated,  instead.  These  allowance  values 
are  compiled  and  stored  as  a  table  in  the  knowledge  base.  As  shown  in  Figure  F5,  the  table  is 
constructed  based  on  cutting  tool  types  and  the  AISI/SAE  codes  of  material  types.  Similarly 
machining  parameters  are  also  compiled  and  stored  in  the  knowledge  base.  These  parameters 
with  the  associated  tool  infonnation  are  retrieved  after  the  canned  cycle  is  selected  to  be  stored 
in  the  NC  program  model.  Currently  the  system  stores  the  machining  parameters  for  end  milling, 
drilling,  boring,  facing  milling,  and  reaming.  The  table  for  reaming  parameters  is  exemplified 
in  Figure  F6.  These  tables  are  managed  by  the  knowledge  manager  and  are  accessed  from  the 
rule  set  that  is  calculating  the  tool  path  or  producing  the  canned  cycle. 

If  no  canned  cycle  for  the  MRV  exists  on  the  controller,  the  generic  canned  cycle  for  this 
MRV  group  is  activated.  The  generic  canned  cycle  calculates  the  required  tool  path  according 
to  such  machining  parameters  as  the  depth  of  cut,  cutting  direction,  speed,  and  feed.  The  tool 
path  is  then  compiled  into  the  correct  machine  codes  ba.sed  on  the  selected  controller  which  are 
stored  in  the  machine  instance.  If  no  generic  canned  cycle  has  been  developed  for  this  MRV 
type  for  this  controller,  the  system  will  record  the  problem  and  continue  on  to  the  next  MRV. 
The  NC  program  generation  process  continues  until  all  MRVs  in  the  cluster  and  all  clusters  in 
the  subprocess  are  finished.  The  NC  segments  created  for  all  the  MRVs  in  the  subprocess  are 
then  compiled  into  one  NC  program,  stored  as  an  NC  program  model,  and  linked  to  the 
subprocess.  The  composition  process  is  shown  in  Figure  F7 

F3.  NC  Program  Class  Structure 

The  proposed  NC  program  class  structure  is  shown  in  Figure  F8.  Each  NC  program  is 
defined  with  five  attributes.  They  are:  program  ID,  process  plan  ID,  sub_process  ID,  machine 
ID  and  controller’s  ID.  Each  NC  program  instance  is  associated  with  its  corre.sponding 
subprocess  and  can  be  retrieved  through  the  process  plan.  Each  NC  program  contains  a 
machine_code  object  and  a  machining  parameter  object.  The  machining  parameters  object  class 
contains  machining  attributes  which  are  stored  to  support  other  manufacturing  planning 
applications.  In  addition  to  its  ID  and  the  tool  ID,  other  attributes  defined  for  this  object  class 
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Figure  F5  :  Finishing  Operation  Allowance 
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Figure  F8  :  NC  Program  Class  Structure 
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include;  sfm,  rpm,  ipt,  ipr,  ipm,  depth_of_cut,  and  tool_time.  These  atUibutes  may  be  used  to, 
for  example,  set  machining  parameters  on  the  controller.  More  frequently  they  are  used  to 
evaluate  producibility  and  estimate  manufacturing  cost.  Attributes  such  as  assemblyjd  and 
tooLtime  can  be  used  with  the  tool  resource  manager  for  tool  replenishment  evaluation.  These 
attributes  are  usually  instantiated  during  tool  path  generation.  The  machine_code  object  class  has 
only  one  attributes  denoting  the  NC  program’s  ID.  It  is  where  the  actual  NC  program  is  stored. 
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Appendix  G:  Implementation  Summary 


1  System  Architecture 

The  environment  includes  a  product  modeler,  a  manufacturing  resources  manager,  a  manufac¬ 
turing  knowledge  manager,  a  manufacurablity  evaluator,  a  process  planner  and  a  nc  program 
generator.  The  architecture  features  a  central  repository  that  serves  tools  both  as  a  manufactur¬ 
ing  resources  database,  knowledge  base  and  a  medium  for  information  exchange.  The  tools  in 

the  environment  shares  this  common  repository  that  correlates  and  incorporates  their  datafsee 
Figure  1). 


Figure  1:  System  Architecture  Framework 
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2  The  Process  Planner 

Process  planning  is  the  act  of  preparing  detailed  processing  instructions  for  manufacturing  a 
part.  The  process  planner  will 

•  convert  features  into  Material  Removal  Volumes(MRVs), 

•  sequence  the  MRVs  in  the  order  they  are  manufactured, 

•  determine  appropriate  processes  and  tools  to  produce  each  feature  and 

•  find  an  optimal  machining  operation  sequence  with  respect  to  a  suitable  criterion. 

Figure  2  shows  a  schematic  representation  of  the  components  in  the  process  planner,  which 
consist  of  three  basic  modules:  Converter,  Generator  and  Evaluator.  Each  of  these  modules 
has  submodules,  each  of  which  performs  a  specific  task.  For  example.  The  Generator  contains 
machine  selection  and  tool  selection  submodules,  These  are  used  for  selecting  suitable  machines 
and  tools  according  to  the  knowledge  stored  at  machining  rule  sets.  The  system  consists  of  many 
such  modules  that  need  to  be  integrated.  Object-oriented  design  techniques  enable  self-contained 
partitioning  that  leads  to  a  stable  model.  In  other  words,  all  these  modules  can  be  encapsulated 
as  individual  classes.  It  makes  program  understandable  and  easy  to  modify  to  maximize  the 
process  planning  capability. 


Figure  2:  Schematic  Representation  of  The  Process  Planner 
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2.1  Class  hierarchy 

Figure  3  shows  the  class  hierarchy  and  relationship  among  them  defined  in  the  process  planner. 
In  fact,  it  also  includes  the  class  definition  required  in  the  NC  program  generator. 

2.2  Converter 

The  converter  accomplishes  the  conversion  of  form  features  into  Material  Removal  Volumes(MRVs) 
in  three  steps: 

I 

1.  Convert  features  into  temporary  MRVs  and  establish  their  conditional  faces, 

2.  Refine  TempMRVs  to  final  MRVs  and  establish  their  conditional  open  faces,  and 

3.  Group  final  MRVs 

2.2.1  Step  1 

Initially,  form  feature  are  retrieved  from  the  product  model  in  'the  form  of  a  feature  tree.  The 
first  feature  in  the  tree  is  retrieved,  which  corresponds  to  the  base  part,  or  feature  0.  Child 
depression  features  are  searched  for  initially,  if  one  is  found,  an  instance  of  TempMRV  (  Class 
for  temporary  MRV)  is  created,  and  specific  information  of  th^  depression  feature  is  coped  to  it. 
Such  information  includes  feature  type,  dimensions,  location,  orientation  and  tolerances.  The 
search  is  set  to  this  child  feature  and  the  query  continues  to  look  for  other  nested  depression 
until  all  are  converted.  If  none  are  found,  nested  child  protrusions  are  searched  for.  If  any  are 
found,  affected  TempMRVs  are  constrained,  and  if  the  protrusion  expands  beyond  the  current 
bound  box,  new  TempMRV  layers  added.  The  search  is  then  set  to  this  features  and  other  nested 
protrusions  are  checked.  The  procedure  is  repeated  until  no  more  protrusions  are  found.  At  this 
point,  the  search  feature  is  checked  if  it  corresponds  to  the  base  part.  If  there  is  no  match, 
the  search  is  moved  up  one  level  to  the  search  feature’s  parpnt.  and  depression  children  are 
again  checked  for.  If  the  search  feature  is  the  base,  this  means  the  all  depression  and  protrusion 
features  have  been  converted/evaluated,  and  the  search  ends. 

All  faces  of  the  TempMRVs  have  been  considered  open  up  to  now.  An  open  face  is  by  definition 
a  face  though  which  a  tool  can  enter  the  MRV  in  order  to  remove  it.  Its  open  status  guarantees 
there  is  no  material  blocking  its  access.  If  there  is  some  MRV  blocking  an  open  face  of  another 
MRV,  that  open  faces  becoihes  conditional  open  and  the  removal  of  the  MRV  is  now  dependent 
upon  the  prior  removal  of  any  blocking  MRVs.  At  first,  a  TempMRV  is  retrieved  and  a  candidate 
open  face  selected.  Then,  tjie  MRV  is  checked  if  it  is  slab  or  a  depression-type  TempMRV.  If 
the  MRV  is  of  the  slab  MRV,  the  selected  open  face  is  selected  any  conditioning  TempMRVs  are 
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Figure  3:  Class  Hierarchy  on  Process  Planner 
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identified.  If  it  is  not,  the  constraining  TempMRVs  are  identified.  If  constraining  TempMRVs 
are  identified,  the  open  face  is  changed  to  conditional  open  ^nd  the  constraining  MRV’s  ID 
IS  recorded.  K  none  were  found,  other  candidate  open  faces  are  checked  until  all  have  been 
evaluated.  This  procedure  will  be  repeated  for  all  TempMRVs. 

The  major  data  structures  are  TempMRV,  Bounding-BoxJ  Their  definition  are  following: 

i 

class  TempMRV  :  public  PObject  { 


int 

id; 

PString 

■type; 

int 

feature_id; 

double 

cuboid_dim[3] ; 

double 

prism_dim[3] ; 

double 

f rustrum_dim [4] ; 

double 

poly _x [100] ,poly_y[100] ,poly_h; 

int 

side; 

double 

corner_radius; 

double 

location [3] ; 

double 

orientation [3] ; 

Link<F  eatureSurf ace> 

j  ; 

f_surface; 

Link<F_Face> 

select_o_f ace ; 

Link<Dktum> 

i 

datum.ref erence ; 

Link<Dktum> 

1 

ref erence_to ; 

public: 

TempMRV () ; 

"'TempMRV  () ; 

VVList<F_Face> 

contact _f aces ; 

VVList<F_Face> 

constrain_f aces ; 

VVList<F_Face> 

open_faces; 

VVList<C_0_Face>  j 

c_open_faces; 

VVList<Toleraiice> 

tolerances; 

VVList<TempIsland> 

temp_island;  }; 

Class  Bounding_Box  i 

double  min.Fl  [3]  ; 
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double 

double 


inax_p  [3]  ; 
center.point [3]  ; 


public: 

Bounding_Box() ;  . 

Bounding.Box (double [] , double [] ,double[]) ; 
~Bounding_Box() ;  }; 


2.2.2  Step  2 

Up  to  this  point,  TempMRVs  have  been  fully  defined.  Such  MRVs  may  have  been  created  to 
capture  the  material  to  be  removed  inside  depression  or  around  protrusions.  If  there  are  any 
protrusions  located  on  a  face  of  the  base  part  or  inside  a  depression  TempMRV  and  extending 
beyond  the  base  part’s  original  bounding  box,  slab  TempMRVs  were  created  and  constrained  by 
Tempislands.  In  the  case  of  depression-type  TempMRVs,  they  may  have  associated  Tempislands 
if  there  were  any  nested  protrusions  found  inside  depression.  Multiple  Tempislands  may  be 
associated  to  an  individual  TempMRV .  These  islands  may  have  different  height  or  may  be  located 
on  other  islands.  In  order  to  accurately  capture  machinable  layers,  it  becomes  necessary  to  refine 
those  TempMRV s  having  Tempislands  into  thinner  layers,  or  final  MRVs,  based  on  the  difference 
m  height  between  the  Tempislands.  The  open/  conditional  open  faces  of  FinalMRVs  also  need 
to  be  specified  in  order  to  establish  their  removal  sequence.  This  performed  through  a  similar 
procedure  used  to  specify  face  status  for  TempMRVs. 

The  major  data  structures  used  in  this  module  are  Tempisland  and  FinalMRV. 


Tempisland: 

public  PObject  { 

int 

id; 

PString 

■type; 

int 

f eature_id; 

double 

cuboid_dim[3]  ; 

double 

prism_dim[3]  ; 

double 

frustrum_dim[4] ; 

double 

poly_x[100] ,poly_yClOO] ,poly_h; 

int 

side; 
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double 

double 

double 

double 

public: 

VVList<F_Face> 

VVList<Toleraiice> 

I. 

class  FinalMRV  : 

int 

PString 

int  j 

double  ' 

double 

double 

double 

int 

double 

double 

double 

double 

Link<Datum> 

Link<Datum> 

int 

int 

int 

int 

public: 

FinalMRV 0 ; 
“FinalMRV  0; 

VVList<F_Face> 

VVList<C_0_Face> 


corner_radius ; 
location [3] ; 
orientation [3] ; 
top2mrv; 


cont  act  _f  ace  s ; 
tolerance; 

public  PObject  { 
id; 
type; 

tempMrvId; 

cuboid_dim[3] ; 

prism_dim[3]  ; 

frustrum_dini[4]  ; 

poly_x[100] ,poly_y[100] ,poly_b 

side; 

corner_radius ; 
location  [3]; 
orientation [3] ; 
dist2bb;  j 
datum.ref ererice ; 
reference_to; 
machin^ID ; 
toolID; 
groupID; 
sequencelD; 


open_faces; 
c_open_faces;  I 
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VVList<Tolerance> 

VVList<TempIsland> 


toleraiices ; 
islands;  }; 


2.2.3  Step  3 


th.s  step,  FmalMRVs  are  grouped  baaed  on  eommon  orientation.  Groups  are  initially  se¬ 
quenced  based  on  the  ID  of  their  creating  TempMRV.  Then,  FinalMRVs  within  each  group  are 
sequenced,  based  on  the  status  of  their  conditional  open  faces.  The  main  data  structure- 


class  MRVGroup  :  public  PObject  { 


int 

double 

public: 

VVList<FinalMRV> 


id; 

ref Point [3] ; 
mrvs; 


MRVGroup () ; 
“MRVGroupO;  }; 


2.3  Generator 

The  generator  produces  the  candidate  process  plan  based  on  the  knowledge  stored  int  the  knowl¬ 
edge  base.  The  work  involves  machine  and  tool  selection,  MRVSet  and  SubProcess  setup. 

Initially  an  unevaluated  MRV  group  is  selected.  Two  lists  are  then  initialized:  a  PROCESSED 
MRVS  list,  which  contains  the  IDs  of  each  MRV  for  which  a  machine  and  required  tool  assembly 
instances  have  been  assigned,  and  a  REMAINING  MRVS  list,  which  contains  the  IDs  of  MRVs 
that  either  have  not  been  processed,  or  have  not  been  assigned  machine  and  tool  assembly,  or 
could  not  be  processed  because  of  unevaluated  conditioning  MRVs  or  because  no  feasible  machine 
tools  have  been  found  for  them.  For  each  machine  class  a  PROCESSABLE  MRVS  list  will  be 
created  based  the  MRV’s  FMT  table.  When  feasible  machine  and  tool  assembly  instances  are 
found  for  an  MRV,  its  ID  is  copied  to  the  TENTATIVE  RPOCESSED  MRVS  list  which  is  empty 
initially.  An  inquiry  is  then  done  to  find  any  PROCESSABLE  MRVS  list  with  rank  greater  than 
0.  If  none  are  found,  the  REMAINING  MRVs  list  is  searched  for  any  left  over  MRVs.  If  any  are 
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found,  they  are  recorded  as  problem  MRV  either  because  1)  no  feasible  machine/tool  instances 
were  found  for  them,  2)  they  are  constrained  by  other  MRVs  for  which  to  feasible  machine/tool 
instances  j  were  found. 

If  the  selected  MRV  has  conditioning  MRVs  or  its  conditioning  MRVs  have  been  processed 
or  tentatively  processed,  a  combo  which  includes  the  current  machine  class  is  chosen,  then 
check  the  MRV’s  stringest  tolerance  against  the  tool  assembly.  If  it  satisfies.  The  machine/tool 
selection  rule  sets  linked  to  the  combo  are  accessed.  Rule  sets  provide  the  evaluation  critiera 
for  feasible  machine  and  tool  assembly  selection  given  an  MRV  type  and  a  combo.  Rule  sets 

plays  an  important  role  during  generating  the  process  plan.  All  rule  sets  have  following  generic 
framework: 

i 

INPUT  :  MRV’s  dimension,  machine  class,  tool  class. 

OUTPUT  :  selected  tool  assemblies  or  error  message. 

BEGIN 

I 

1.  retrieve  the  all  instances  of  given  tool  class  from  the 
database. 

2.  filter  the  instances  with  machine’s  material  cut 
capability,  tool  hold  type  and  name. 

3.  select  a  instance  with  the  specific  conclitions  from 

the  filtered  instances.  ^ 

4.  call  other  rule  set (may  be  itself  )  finish  the  initial 
operation  if  necessary. 

5.  create  the  elemental  MRVs 

6.  return  the  selected  tool  assemblies  and  created 
elemental  MRV. 

END  M 
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After  feasible  machines  and  their  compatible  tool  instances  are  identified  and  recorded  to¬ 
gether  with  created  elemental  MRV,  operations,  and  operation  cluster  for  the  selected  MRV  are 
created.  At  last,  the  whole  process  plan  is  compiled  based  on  the  operation  clusters. 

Following  are  main  data  structures: 


class  Tool_0p:  public  PObject  ■[ 
PString  description; 
PString  tool.id; 

PString  tool_type; 

PString  einrv_id; 

PString  emrv_type; 

public : 

Link<Element_MRV>  emrv;  }; 

class  Tool.List:  public  PObject  { 
o_4b  inrv.id; 

PString  mrv.type; 

public : 

VVList<Tool_Op>  tool_ops;  }; 


class  Tentative:  public  PObject  { 

PString  mach_id; 

PString  mach_naine; 

PString  mach_type; 

public: 

VVList<Tool_List>  t_list;  }; 
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2.4  Evaluator 

This  module  e^luates  the  ctadidale  process  plan  generated  by  the  generator  and  find  an  optimal 
one  wrth  respect  to  the  criteria:  the  number  of  machip  setup,  cost,  time  or  the  combination  of 
these  factors.  The  main  data  structure  used  in  this  module  are: 


class  SubProcess 
int 


public  PObject  { 
id; 


L  ink<NCPrograin>  ncProgram ; 

Link<MP_Se'tup>  mpSetup; 

Link^MRYSubSob^  nirvsse’t ; 

public: 

SubProcess () ; 

“SubProcess () ;  }; 


class 


Plan  : 

public  PObject  { 

int 

id; 

int 

version; 

int 

part ID; 

PString 

partName ; 

PString 

stockID; 

PString 

planingDate; 

PString 

approvalDate; 

PString 

approvedBy; 

public i 
PlanOj 
“PlanO  1 

i 

VESet<p_u4b>  problein_nirvs; 

LinkVs‘i:r<SubProcess>  sequence; 
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Link<MRVSet> 


mrvSet;  }; 


2.5  User  Interface 

The  generated  process  plan  ,  an  instance  of  the  class  Plan  ,  is  displayed  on  an  interactive  nser 
mterface(see  Figure  4).  In  this  interface,  the  user  can  select  a  product  designed  by  using  Product 
Modeler,  then  retrieve  the  process  plans  generated  before  for  it,  or  generate  a  new  one  based  on 
the  new  criterion.  The  interface  provides  the  utilities  for  saving  process  plan  into  the  database 

or  a  file,  printing  a  hard  copy  of  the  selected  process  plan  and  popping  up  a  subwindow  to  view 
the  MRV  information. 


3  The  NC  Program  Generator 

Once  a  process  plan  has  been  developed,  the  NC  program  can  take  place. the  NC  program  gen¬ 
erator  will  transform  the  high-level  process  plan  into  low  level  CNC  codes  based  on  the  selected 

machine  and  tool  m  the  plan.  Figure  5  shows  a  schematic  representation  of  the  components  in 
the  NC  program  generator. 

3.1  User  Interface 

i 

We  have  implemented  a  user  interface  for  the  NC  program  generator,  see  Figure  6.  With  this 
interface,  users  can  retrieve  an  approved  process  plan  from  the  database,  generate  the  NC  codes 
for  it.  then  users  can  edit  or  modify  the  generated  NC  codes  to  satisfy  their  special  needs.  After 
edition  or  modification,  the  NC  codes  can  saved  into  the  database  for  further  use. 


4  Manufacturing  Database  and  Its  Manager 

4.1  Data  Structure 

The  database  is  constructed  on  the  object-oriented  database  management  system  VERSANT. 
The  data  in  our  manufacturing  resource  database  can  be  classified  as: 

•  material  data 

•  machine  data 

•  tool  data 


12 


FlU-CERL  TOPPS -THE  OPTIMAL  PROCESS  PLANNING  SYSTEM 

__NE^  ,  RETRIEVE  J  APPROVE )  EC'fT )  SAVE  AS )  PRINT)  DELETE )  SETUP)  MRVjl 


Version  1.0 


Plan  ID 

Plan  Version  : 
Planning  Date  : 
Approval  Date  : 
Approved  By 

7 

1 

10/11/1994 

Part  ID 

Part  Nane 
AISI/SAE  Code 
Stock  ID 

Total  Setups 

••  ^  I' 

:  5005 
:  RPR-2A 
:  9 

Sub  Process  ID 

:  1 

Hachine/Setup  ID 

:  1 

Description 

: 

NC  Progran 

: 

HRV  Subset  » 

;  1 

Access  Direction 

:  [  1.0,0  1 

Machl ne  ID 

:  NMTM-8 

Machine  Nane 

:  NCM111-3AX1S 

Machine  Type 

:  Vertical 

Fixture  Assy  ID 

; 

Fixture  Assy  Type  : 

>Operat^on  Cluster  ID  : 

1-1 

MRV  ID 

• 

101 

MRV  Type 

: 

rectangul ar_8l ab_MR V 

>Operat1on  ID 

:  1-1-1 

Nane 

Tool Assy  ID 

:  FaceM111-i 

Tool  Assy  Nane 

:  Face  Mill 

-MRV  ID 

:  1 

-MRV  Type 

:  rectangul ar_slab 

Sub  Process  ID 
Mach1ne/Setup  ID 
Description 

NC  Prograa 


PLAN  NO.:  1 _  !  |-| 


2  PLAN(S)  HAVE  BEEN  RETRIEVED 


Figure  4:  Process  Planning  Intelrface 


13 


Process 

Plans 


Retriever 


1 


Evaluation 

Rules 


Figure  5.  Schematic  Representation  Of  The  NC  generator 


4 


FlU-CERL 


NC  PROGRAMMING  SYSTEM 


Version  1.0 


PRODUCTS 


RETRIEVE)  NC)  EDIT)  SAVE  /IS )  PRINT)  SETUP) 


Plan  ID  :  7 

Plan  Version  ;  1 
Planning  Date  :  10/1 1/1994 
Approval  Date  ; 

Approved  By  j; 


Part  ID 
Part  Name 
AISI/SAE  Code 
Stock  ID 
Total  Setups 


5005 

RPR-2A 

9 


I . 

Sub  Process  ID  :  1 
Hachl ne/Setup  ID  :  1 
Description  : 

NC  Prograa  ; 

MRV  Subset  ID  :  1 
Access  Direction  :  [  1,0,0  1 


Machine  ID  : 
Machine  Name  : 
Machine  Type  ; 
Fixture  Assy  ID  : 
Fixture  Assy  Type  : 


NMTM-8 
NcMIl 1-3 Axis 
Vertical 


>Operat1on  Cluster  ID  :  1-1 
MRV  ID  :  401 

MRV  Type  :  rectangul ar_sl ab_MRV 


>Operat1on  ID 
Name 

Tool  Assy  ID 
Tool Assy  Nane 
E-MRV  ID 
E-HRV  Type 


FaceM111-i  i 
Face  Hill  ‘ 

1 

rectangul ar_s1 ab 


I* . 

Sub  Process  ID  ;  2 
Machine/Setup  ID  :  2 
Description  : 

NC  Prograa 


2  APPROVED  PLAN®  HAVE  BEEN  RETRIEVED 


PLAN  NO,:  1 _  /|-| 


Figure  6:  NC  Program  Generator  liiterface 


15 


•  fixture  data 


4.1.1  Material  Classes 

In  the  Class  RawMaterial,  the  attributes  type,  aisi-sae-code,  bhnHardness,  machinability,  temper- 
code,  length,shape,surfacefinish,density,  and  other  are  defined,  which  describe  the  basic  proper¬ 
ties  of  the  material.  Based  on  the  RawMaterial,  we  have  defined  the  classes  CylindricalMaterial, 
PrismaticMaterial,  Rectangle,  Hexagon  and  Octagon  to  capture  the  different  shape  of  the  mate¬ 
rials.  Following  is  the  class  definitions  for  the  Material  Classes, 


class  RawMaterial: 

public  PVirtual  { 

PString 

■type; 

PString 

id; 

PString 

aisi_sae_code; 

int 

bhnHardness; 

float 

machinability; 

PString 

temper_code; 

protected: 

float 

length; 

private: 

PString 

shape; 

PString 

supplySource; 

PString 

specCert if icat ion ; 

float 

weightPerFoot; 

PString 

location; 

PString 

status; 

float 

surfacefinish; 

protected: 

float 

density; 

public: 

RawMaterial () ; 
“RawMaterial ()  ;  }; 
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class  CylindricalMaterial:  virtual  public  RawMaterial  { 

diameter; 

public: 

CylindticalMaterialO  ; 

“’CylindricalMaterial  () ;  }; 


class  PrismaticMaterial: virtual  public?  RawMaterial  { 

protected: 

float  width; 

public: 

PrismaticMaterialO  ; 

“PrismaticMaterial () ;  }; 


class  Rectangle  : 

float 

public: 

Rectangle () ; 
“RectangleO ; 


public  PrismaticMaterial  { 
thickness; 


class  Hexagon:  public 
float 
public: 

Hexagon () ; 

"Hexagon  0;  }; 


PrismaticMaterial  { 
flatDistance; 


class  Octagon:  public  PrismaticMaterial  { 

flatDistance; 

public: 

Octagon () ; 

"OctagonO;  }; 


4 
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4.1.2  Machine  Classes 


The  Machine  classes  hierarchy  has  three  level.  The  introduction  of  the  middle  level  classes  is  to 
eliminate  the  data  redundancy  and  reuse  the  class  definition.  At  the  root  is  the  class  Machine 
which  describes  the  general  attributes  of  machines.  They  include  machineType,  operationTypes, 
f  t  “w  fet'^reTypes,  materialTypes.  machineName.  modelNo,  serialNumber.  machineld, 

tableWeightCap,  maxTravelSpeed,  throatDepth,  workEnvX,  workEnvY.  workEnvZ,  thName, 
thType  operatorsRequired,  operatorClassification,  machineRatePerHour  and  other  attributes.’ 
e  middle  level  includes  a)Type  which  is  the  superclass  of  NCMill-fiAxls,  Mill-3Axis.  Lathe, 
CLathe  and  NCBed,  b)Thermal  which  is  the  superclass  of  EDM,  NCEDM  and  NCEDWC 
c)Grind  which  is  the  superclass  of  NCJig,  Jig  and  Surface,  d)Saw  which  is  the  superclass  of 

an  and  Power,  e)Drill  which  is  the  superclass  of  LightDuty,  ,  Radial,  Bed  and  NCBed,  and 
ijbnape  which  does  not  have  any  subclass. 

For  the  detailed  information  on  the  Machine  Classes  hierarchy,  refer  following  class  definition. 


class  Machine: 

public  PVirtual  { 

PString 

machineType; 

PString 

operationTypes [30]  ; 

PString 

featureTypes[127] ; 

PString 

fixtureTypes[30] ; 

PString 

materialTypes [50] ; 

PString 

compauyName; 

PString 

machineName; 

PString 

modelNo;  , 

PString 

serialNumber ; 

PString 

machineld; 

float 

tableWeightCap; 

float 

maxTravelSpeed ; 

float 

throatDepth; 

float 

workEnvX; 

float 

workEnvY ; 

float 

workEnvZ; 

PString 

thName; 

PString 

thType; 

int 

operatorsRequired; 

PString 

operatorClassification [10] ; 
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float 

machineRat  ePerHour ; 

PString 

location; 

PString 

status; 

i 

public: 

1 

Machine (); 

“Machine () 

class  Type: 

virtual  public  Machine  { 

float 

spindleDiameter; 

float 

motorHp; 

int 

motorRpmMcix; 

motorRpmMin; 

int 

PString 

spindlePosit ion; 

PString 

toolChangeModel ; 

int 

t oolChangeCap ; 

PString 

toolChangeCalib ; 

protected: 

float 

toolTravelX; 

float 

toolTravelZ; 

float 

p  0  s i t i onAc curacy ; 

private: 

float 

posit ionRepetability; 

PString 

coolantMediaTypes [5]  ; 

PString 

coolantFlowTypes [5] ; 

PString 

machineCalibrationTypes [5] 

PString 

machineCalibrationDue ; 

public: 
TypeO ; 
“TypeO;  }; 


class  Thermal: public  Machine  { 
protected: 

float  toolTravelX; 

float  toolTravelY; 
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float 

positionAccuracy ; 

private: 

float 

positionRepetability; 

float 

powerVolt ; 

float 

power Amp; 

PString 

coolant ; 

float 

tSlotSize; 

float 

tSlotDistance; 

float 

boltHoleSize ; 

float 

boltHoleDistcince; 

public: 

Thermal () ; 

“Thermal () ; 

}; 

class  EDM: 

public  Thermal  ■[ 

PString 

toolChamgeModel ; 

int 

toolChangeCap; 

float 

toolTravelZ; 

public: 

EDMO ; 

"EDMO;  }; 

class  NCEDM: public  Thermal  { 

PString 

toolChamgeModel ; 

int 

toolModelCap ; 

float 

toolTravelZ; 

PString 

ncControlType ; 

PString 

mediaType[5] ; 

float 

memoryCapacity; 

public: 

NCEDMO  ; 
“NCEDMO;  }; 


class  NCMill_3Axis:  public  Type  { 

memoryCapacity; 
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PString 

ncControlType; 

PString 

mediaType [5] ; 

float 

toolTravelY; 

float 

toolChangeX; 

float 

toolChangeY; 

float 

toolChangeZ; 

float 

tSlotSize; 

float 

tSlotDistance; 

float 

boltHoleSize; 

float 

boltHoleDistance ; 

float 

f eedRatelPMMin ; 

float 

f e edRat e I PMMax ; 

PString 

j 

public: 

NCMill_3Axis() ; 
"NCMill.SAxisO;  }; 

specialEquip_Tool [20] ; 

class  Mill_3Axis: public  Type  { 

float 

toolTravelY; 

float 

tSlotSize; 

float 

tSlotDistance; 

float 

boltHoleSize; 

float 

boltHoleDistance; 

public: 

i 

Mill_3Axis() ; 
"Mill_3Axis  0 ;  } ; 

class  Lathe: public 

Type  { 

PString 

headStkAttachment [10] ; 

PString 

public: 

Lathe () ; 

~Lathe();  }; 

tailStockType[10] ; 
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class  NCLathe: public  Type  { 

1 

■ 

PString 

ncControlType ; 

1 

PString 

mediaType [5] ; 

float 

memoryCapacity ; 

1 

PString 

headStkAttachment [10] ; 

PString 

tailStockType[lO] ; 

1 

public:  _ 

NCLatheO; 

1 

“NCLathe 0 ; 

}; 

■ 

Class  NCEDWC 

:  public  Thermal  -[ 

1 

PString 

ncControlType ; 

1 

PString 

mediaType[5] ; 

■ 

float 

memoryCapacity ; 

■ 

PString 

wireMaterial; 

1 

float 

wireSizeMax; 

float 

wireSizeMin; 

1 

float 

cuttingRate; 

■ 

float 

cutAngleMax; 

1 

public: 

NCEDWC  0; 
“NCEDWCO;  } 

1 

1 

1 

class  NCJig: 

public  Grind  { 

1 

float 

peckStroke; 

■ 

float 

boltHoleSize; 

■ 

float 

boltHoleDistance; 

1 

PString 

ncControlType ; 

PString 

mediaType[5] ; 

1 

float 

memoryCapacity ; 

float 

positionAccuracy ; 

1 

float 

positionRepetability ; 

■ 

PString 

coolantMediaTypes[5]  ; 

■ 

PString 

coolzLntFlowTypes[5]  ; 

1 

PString 

machineCalibrationTypes [5] ; 

1 
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PString 


machineCal ibrat ionDue 


public: 
NCJigO; 
■'NCJigO;  }; 


class  Jig:public 

Grind  { 

float 

peckStroke; 

float 

boltHoleSize; 

float 

boltHoleDistance 

public: 

JigC); 

“JigO;  }; 

class  Surface: public 

Grind  { 

PString 

spindlePosition 

PString 

chuckType ; 

public: 

Surf ace (); 

"Surf ace ();  }; 

1 

class  Saw:  public  Machine  { 

float 

toolLength; 

PString 

toolPosition; 

float 

motorHp; 

protected: 

float 

toolTravelZ; 

public: 

Saw()  ; 

"SawO;  }; 

class  Band: public  Saw  { 

float 

toolSpeedMax; 
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toolSpeedMin; 


float 
public: 
Bemd()  ; 
~Band();  }; 


class  Power  .'public  Saw  { 


float 

float 

float 

public: 

Power 0 ; 
"PowerO;  }; 


toolStroke; 

toolFeedMax; 

toolFeedMin; 


class  Drill:  virtual  public  Machine  { 


float 

tSlotSize; 

float 

tSlotDistance; 

float 

toolDiameterMin; 

float 

toolDiameterMax; 

public: 

DrillO; 

“Drill ();  }; 

class  LightDuty:  public  Drill  { 


float 

float 

float 

float 

float 

public: 

LightDuty 0 ; 
“LightDuty () ;  }; 


spindleDiameter; 
motorHp; 
toolTravelZ; 
mot  orRpmMin ; 
motorRpmMax; 


class 

float 

float 


Radial:  public  Drill  { 

spindleDiameter; 

motorHp; 
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float 

toolTravelZ; 

float 

toolAngleMax; 

float 

armRot at ionAngle 

float 

mot orRpmMin ; 

float 

mot orRpmMax ; 

public: 

Radial () ; 

"Radial ();  }; 

class  Radial:  public  Drill  ■[ 

float 

spindleDicimeter; 

float 

motorHp; 

float 

toolTravelZ; 

float 

toolAngleMax; 

float 

armRot at iouAngl e ; 

float 

motorRpmMin;  ! 

float 

motorRpmMax; 

public: 

Radial  0; 

"Radial ();  }; 

class  Bed:  public  Drill  { 

float 

spindleDiameter; 

float 

motorHp; 

float 

boltHoleSize; 

float 

boltHoleDistance; 

float 

toolTravelZ; 

float 

motorRPMMax; 

float 

motorRPMMin; 

public: 

BedO; 
■'BedO;  }; 


class  NCBed:  public  Drill,  public  Type  { 
PString  ncControlType; 

PString  mediaType[5] ; 

memoryCapacity; 
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float 

float 

float 

public: 

NCBedO; 
“NCBedO;  }; 


boltHoleSize; 
boltHoleDi stance ; 
toolTravelY; 


class  Shape: 
float 
float 
int 

PString 
float 
float 
float 
float 
float 
float 
float 
float 
float 
public : 

Shape  0 ; 
"ShapeO;  }; 


public  Machine  { 

spindleDiameter ; 

motorHp; 

motorRpm; 

toolPosition; 

toolTravelX; 

toolTravelY; 

toolTravelZ; 

positionAccuracy; 

positionRepetability; 

tSlotDistance; 

tSlotSize; 

boltHoleSize; 

boltHoleDistance; 


4.1.3  Tool  Classes 

The  hierarchy  of  the  tool  classes  is  also  three  level.  The  introduction  of  the  middle  level  classes 
IS  to  eliminate  the  data  redundancy  and  reuse  the  class  definition.  At  the  root  is  the  class 
ToolAssembly  which  describes  the  general  attributes  of  tool  assemblies.  They  include  assem- 
blyName,  assemblyld,  cbSource,  thType,  thName,  machineType,  operationType,  lengthMax, 
featureType,  cbName,  cbMaterial,  cbGrade,  materialCutCapability  ,  surfaceFinishCapability 
and  so  on.  At  the  middle  level  there  are  Mill,  Lathe,  Thermal,  Saw,  Shape  and  Drill,  which 
abstract  the  low  level  class  definitions. 


26 


For  the  detailed  information  on  the  tool  assembly' hierarchy,  refer  following  class  definition. 


class  ToolAssembly 

:  public  PVirtual  { 

PString 

assemblyName ; 

PString 

assemblyld;  * 

PString 

cbSource; 

PString 

thType; 

PString 

thName; 

PString 

machineType; 

PString 

operationType[30]  ; 

float 

lengthMax; 

PString 

featureType[127] ; 

PString 

cbName ; 

PString 

cbMaterial; 

PString 

cbGrade ; 

PString 

niaterialCutCapability[20]  ; 

float 

surfaceFinishCapability; 

int 

quantity; 

PString 

location; 

PString 

status;  )•; 

i' 

class  MillTAzpublic 

ToolAssembly  { 

float 

cblength; 

float 

cbDicimeter; 

float 

cbWidth; 

float  1  ^ 

diameterMax; 

float 

widthMax; 

int 

edgeNumber; 

float 

edgeRadius ; 

float  1 

maxDepthof cut ; 

float 

toolLife; 

float 

i 

accumulateLife;  }; 

class  FaceTA: public  MillTAf 
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PString 

insertTypeClO]; 

float 

insertCapacity; 

PString 

iGrade ; 

float 

ilc; 

PString 

iCatalogCode; 

PString 

RoughFinish;  }; 

class  MDrill: public  MillTA{ 


PString 

insertTypeClO]  ; 

float 

insertCapacity; 

PString 

iGrade; 

float 

ilc; 

PString 

iCatalogCode; 

float 

point Angle; 

PString 

RoughFinish;  )•; 

class  Side:public  MillTA{ 


PString 

float 

PString 

float 

PString 

int 

PString 

class  MBorerpublic 
float 
float 
PString 

class  MCenter :publ; 


insertTypeClO] ; 
insertCapacity ; 
iGrade; 
ilc; 

iCat alogCode ; 
cuttingSides; 
RoughFinish; 

MillTA{ 

cbDiameterMin; 

cbDiameterMax; 

RoughFinish; 

,c  MillTA{ 
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PString 

PString 


cbType; 

sizeDesignation;  } 


class  End: public  MillTA{ 


PString 

insertType[10] ; 

float 

insertCapacity; 

PString 

iGrade; 

float 

ilc; 

PString 

iCatalogCode ; 

float 

cbAngle; 

PString 

RoughFinish; 

PString 

c  ent  erCut  C  ap  ab ; 

class  MReam: public  MillTA{  }; 

class  Peripheral ipublic  MillTA{ 

PString 

insertTypeClO]  ; 

float 

insertCapacity; 

PString 

iGrade; 

float 

ilc; 

PString 

j 

iCatalogCode;  )■; 

1 

c1e[ss  LatheTA:  public  ToolAssembly  { 

float 

cbLength; 

float 

i 

edgeRadius ; 

float 

toolLife; 

float 

accumulateLife;  } 

class  SinglePoint 

:  public  LatheTA  {  j 

float 

cbWidth; 

float 

cbThickness; 

float 

widthMax; 
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float 

thicknessMax; 

PString 

insertType[10] ; 

float 

insertCapacity ; 

PString 

iGrade ; 

float 

ilc; 

PString 

iCatalogCod 

class  External :publi 

c  SinglePoint  {  }; 

class  Internal: public  SinglePoint  {  }; 

class  Groove rpublic 

LatheTA  { 

float 

cbWidth; 

float 

cbThickness; 

float 

widthMax; 

float 

thicknessMax;  }; 

class  LDrill : public 

LatheTA  { 

float 

cbDiameter; 

float 

diameterMajc; 

PString 

insertType[lO] ; 

float 

insertCapacity ; 

PString 

iGrade; 

float 

ilc; 

PString 

iCatalogCode; 

float 

meixDepthof  cut ; 

PString 

RoughFinish;  }; 

class  Knurl ipublic 

LatheTA  { 

PString 

cbForm; 

float 

cbWidth; 

float 

cbThickness; 

float 

widthMax:; 

float 

thicknessMax;  }; 

class  LBorerpublic 

LatheTA  { 
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float 

cbDieuneter; 

float 

di amet  erMax ; 

PString 

RoughFinish;  }; 

class  Fbrmrpubiic 

LatheTA  { 

PString 

cbForm; 

float 

cbWidth; 

float 

cbThickness; 

float 

widthMax; 

float 

1 

thicknessMax;  }; 

1 

cl^ss  LReamrpublic 

LatheTA  { 

jfloat 

cbDiameter; 

’float 

diameterMax;  }■; 

class  LCenter: public 

LatheTA{ 

PString 

cbType; 

PString 

sizeDesignation; 

float 

cbDicuneter; 

float 

maxDepthof cui ;  } 

class  ThermalTA .-public  ToolAssembly  { 

float 

cbDieuneter;  }•; 

class  Wire:  public  ThermalTA  {  }; 

class  GrindTA: public  ToolAssembly  { 

float 

cbDiameter; 

float 

cbWidth; 

float 

diameterMax; 

float 

widthMax; 

PString 

abrasive; 

int 

grainSize; 

PString 

bond; 

char 

grade ; 

int 

stucture;  }; 
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class  SawTA:  public  ToolAssembly  { 


float 

cblengtb; 

float 

cbWidth; 

float 

cbTbickness; 

int 

toothPitch; 

PString 

toothSet; 

PString 

toothForm;  }; 

class  BandTA 

:  public  SawTA  {  }; 

class  Blade  : 

public  SawTA  {  }; 

class  ShapeTA:  public  ToolAssembly  { 

float 

cblength; 

float 

cbWidth; 

float 

cbTbickness; 

float 

lengtbMax; 

float 

widthMax;  }; 

class  DrillTA: 

public  ToolAssembly  { 

float 

cbLength ; 

float 

cbDiameter; 

float 

edgeRadius; 

float 

diametefMax; 

int 

edgeNumber; 

float 

maxDeptbof cut ; 

float 

toolLif e; 

float 

accumulateLife; 

class  DDrill:public  DrillTA  { 

i 

PString  insertTypeClO] ; 

insertCapacity; 

PString  iGrade; 

float  ilc; 
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Resource  Manager  VI. O.FIU 


-■  J 


Current  Operation;  Update  /  Tool  /  Hill  /  HDrIII 


ADD  r)  DELETE  v)  BROWSE  r)  UPDATE  r)  PRINT  r) 


update/tool/nnlllTA/MDrill - Input  attribute 


-J 


54  Instances  In  database. 
After  update,  choose  CONFIRM  to  complete  the  change. 


assemblyName  Jobber  Drill  Assembly 

assemblyld  MDRILL-7a _ 

tbType  R^B _ 

thName  Adapter _ 


macblneType  NcMIII-3Axls:Mlll-3Axls 

operationTypes  (<30)  Drilling, _ 

lengthMax  7.5000 _ _ 

featureTypes  (<1 27)  68,  69, _ 

cbName  Drill _ _ 


cbMaterlal  HSS 


materialCutCapablllty  «20)  1 0 1 6, 1 020,5005,7075,3003, 

surfaceFinIshCapablllty  63.0000 _ _ 

quantity  2 _ _ 

location  Bln  5 _ , 


status  Available 


cb  length  7.0000 


cb  Diameter  0.5000 

cbWidth  0.0000 


dIameterMax  4.0000 

width  Max  0.0000 

edgeNumber  _ 2 

edge  Rad  I  us 


0.0000 


maxDepthofcut  2.7500 


InsertTypefcl  0) 
InsertCapacity  _ 

iCrade  _ 

lie  0.0000 


0.0000 


Catalog  Code 
poIntAngle 


116.0000 


INSTANCE  NO.  1 


.Lili 


CANCEL)  CONFIRM ) 


Figure  7:  Database  Manager  Interface 
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iCatalogCode  j 
pointAngle; 
RoughFinish;  }; 

class  DReam;public  DrillTA  {  )■• 
class  DBore .-public  DrillTA  { 


PString 

float 

PString 


float 

float 

PString 


cbDiameterMin; 
cbDiameterMai; 
RoughFinish;  >; 


class  DConterrpublic  DrillTA-C 

cbType; 

sizeDesignation;  }; 


PString 


4.2  The  Database  Manager 

^  database  manager  using  XVIEW  GUI  Rv 

:;;r;  “rrrr  ““  *>— L?o::: 

which tfle  tt  ‘V  fc  '  “  “"-Phical  memu  structure 

whrch  reflects  the  class  deflutticns.  When  the  users  use  the  interface  tu  manage  the  manufa 

h  'iTr  “n 

PRIN^  After  ””  T’ t  .  f''"  and 

RINT  After  the  users  selected  a  button  ,  the  system  will  display  a  menu  to  guide  the  users  to 

Choose  the  correct  menu  item. 


5  Manufacturing  Knowledge  Base  and  Its  Manager 

Knowledge  is  the  symbolic  representation  of  aspects  of  some  name  d  universe  of  discourse.  It  is 
ey  element  of  decrs.on-level  automation  and  the  competitive  edge  for  manufacturing  system 
our  system  we  have  systemired  the  knowledge  in  the  field  of  manufacturlng.They  include: 

1.  rules  for  form  feature  recognition; 
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2.  rules  for  operation  selection; 

3.  rules  for  machine/tool  selection;  j 

4.  rules  for  machining  parameter  selection. 

5.1  Knowledge  Represention  Schemes 

Representation  of  knowledge  is  a  combination  of  data  structures  and  interpretive  procedures.  In 
the  system  we  have  used  procedural  representation,  production  system,  object-oriented  frame, 

and  integrated  the  knowledge  represented  in  the  difference  approaches  in  the  framework  of  object- 
oriented  methodology. 

5.1.1  Rules  For  Form  Feature  Recognition 

Two  formats  of  feature  recognition  rules  are  developed.  One  format  is  for  cuboid  and  wedge 
solids  whose  bounding  faces  are  known  before  they  are  instantialized.  The  other  is  for  solids 
whose  bounding  faces  are  determined  when  they  are  constructed.  The  first  format  of  feature 
recognition  rules  takes  the  following  form: 

IF  solid-type  &  face-pattern  &  boolean-op  THEN  feature-type 

where  solid-type  is  either  a  cuboid  or  a  wedge;  face-pattern  is  a  subset  of  faces  bounding 
a  cuboid  or  a  wedge,  boolean-op  is  either  a  Boolean  addition  or  subtraction.  For  example,  a 
feature  rule  that  will  recognize  the  feature  type  as  blind-step  can  be  written  as: 

IF  "Cuboid”  &  1,  4,  5  &  THEN  blind-step 
The  second  format  of  rules  look  like: 

IF  solid-type  &  top-face  &  bottom-face  &  face-ratio  &  bool-op  THEN  feature-type 
where  solid-type  and  bo61-op  have  the  same  meaning  as  defined  in  the  first  format.  Top-face 
and  bottom-face  take  a  binary  value  of  1  or  0,  indicating  the  existence  of  the  top  face  and  the 
bottom  face  on  the  productj  For  instance,  following  is  a  rule  in  the  second  format. 

IF  "Cylinder”  &  0  &  9  &  1.0  &  ”-”  THEN  cylindrical-through-hole 

5.1.2  rples  for  operation  selection 

In  the  syjtem  ,  we  have  defined  a  table  called  FMT(Feature-Machine-Tool),  which  describes  the 
possibilit|r  of  the  machine/tool  combination  for  production  of  the  given  feature.  For  example  the 
following  I  is  the  FMT  table  for  CYLINDRICAL-THRU-STEP, 

From  the  table  entry,  we  can  see  that  following  machine/tool  combination  can  be  used  to 
produce  a  CYLINDRICAL-THRU-STEP: 
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Figure  8:  FMT/M/T  Table  for  Cylindrical  Through  Step 


•  (Mill-3Axis,  End  ) 

•  (NcMill-3Axis,  End) 

•  (Mill-3Axis,  Peripheral) 

•  (NcMill-3Axis,  Peripheral) 

•  (Mill-3Axis,  MBore) 

•  (NcMill-3Axis,  MBore) 

•  (Lathe-2Axis,  InternalSP) 

•  (NcLathe-2Axis,  InternalSP) 

•  (Lathe-2Axis,  LBore) 

•  (NcLathe-2Axis,  LBore) 

•  (EDM,  Electrode) 

•  (NcEDM,  Electrode) 

•  (NcEDWC,  Wire) 

•  (SurfaceGrind,  Grind 

•  (JigGrind,  Grind) 

•  (NcJigGrind,  Grind) 

1 

•  (BandSaw,  Band) 

In  thi  FMT  table  ,  we  also  have  defined  the  cost  and  flexablitiy  of  the  machine/tool  combi¬ 
nation.  For  example,  the  cost  and  flexablity  of  the  first  combination  is  3,  2  respectively,  the  last 
one  s  are  1,  15.  So  using  BandSaw/Band  to  finish  the  feature  is  much  more  cheap  than  than 
using  Mill-3Axis/End,  but  the  latter  is  more  flexible.  It  notes  that  the  rule  to  select  the  machine 
and  tool  assembly  instances  for  the  given  MRV  dimension  is  linked  to  the  FMT  table  entry.  We 
call  the  tuple  (machine,  tool,  cost,  flexibility,  link  torule)  the  Combo.  Following  is  the  definition 
for  Class  Combo.  I 
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class  Combo:  public  PObject  { 


PString  assembly; 

PString  machine; 
public: 

int  cost_rajik; 
int  mach_f lex_rank; 

Link<Rule>  rule; 

int  toolassembly_index() ; 
int  machine_index() ; 
void  set_cost_rank(int  cost); 
void  set_mach_flex_rank(int  flex) ; 

PString  toolassembly_name () ; 

PString  machine.nameO;  }; 

5.1.3  rules  for  machine/tool  selection 

The  rules  for  machine/tool  selection  are  important  part  of  our  knowledge  base,  They  play  a  key 
ro  e  in  t  e  process  planning.  Following  is  a  sample  of  rules  in  procedure  representation,  which  is 

used  for  CYLINDRICAL-THROUGH-HOLE  with  Mill-3Axist/MDrill  or  NCMill-3Axis/MDrill 


* 

* 

*  rule  for  cylindrical_through_hole  Mill_3Axis/MDrill 

*  NCMill_3Axis/MDrill 

* 

int  rule_l(  int  flag,  double  dl,  double  d2,  double  height, 

char  *machine_name ,  Type  ♦machine,  FinalMRV  ♦aMRV) 

{ 
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float  testlengthMax; 

char.  *testthnaBie; 

char  *testthtype;  i 

char  *testinaterialCutCapability; 


RawMaterial  *niaterial 


eiMinStock; 


if  ( !  =ir«sec»pCi«a=hin,->get.apinUePo=itionO  .  ■•Horizontal ■.)) 
testlengthMax  ■  inachine->get_workEhvY() ; 

else  j 

testlengthMax=aacHina->get.»orkEnv20-naterlal->gat_n.ar_dimanaion0; 

testthname  =  nen  dlar[strlen(inachine->get_thNameO)+l]  • 
assert (testthname  !=0);  * 

strcpyCtestthnaae,  machine->get_thName()) ; 


testthtype  ■  new  char[strlen(machine->get_thType())+i]- 
assert (testthtype  !=0);  ’ 

strcpyCtestthtype,  machine->get_thTypeO) ; 

testmaterialCutCapability  = 

new  char[strlen(iiiaterial->get_aisi.sae_code())+l] ; 
assert (testmaterialCutCapability  !=0); 
atrcpyCtastnaterialCatCapability.  t.aterial->get.aisi_sae,code()) 

//  find  a  instance  of  MDrill  Toolassembly 
LinkVstr<MDrill>  mdrill.toolassemblies  =  MDrill: :find_all() ; 
LinkVstr<MDrill>  selectsd_mdrill; 
if  (iiidrill_toolassemblies . size()<=0) 
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{ 

return  NO.TOOLASSEMBLY  INSTANCE- 

}; 


int  j,  selectedmdrill  =  -1; 

MDrill  *mdrill; 

for(j=0; j<mdrill_toolassemblies .size() • i++) 

{ 

mdrill  =  mdrill.toolassemblies [j] ; 

^  ^^-“^^*"'^'*'^^P^^ili‘ty(testmaterialCutCapability, 

mdrill->get_materialCutCapability())  && 
!strcasecmp(mdrill->get_thNaine(),  testthname)  && 
!strcasecmp(mdrill->get.thType(),  testthtype)  M 
(nidrill->get_cbDiameter()  >=  dl)  && 

(mdrill->get_cbDiameter()  <=  d2)  ) 

{ 

if  (  (mdrill->get_lengthMax()  <=  testlengthMax)  && 
(mdrill->get_cblength()  >=  height)  ) 

{ 

selectedmdrill  =  j ; 
break; 

}; 

} 

} 

I 

1 

if  (selectedmdrill  ==  -1) 

{ 

cout«"############  tool  selection  FAILS  #################-- 
<<endl<<endl ; 
return  -2; 

} 

else 

{ 
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selected_mdrill . add(mdrill_toolassemblies [selectedmdrill] ) ; 

cout«endl«  SELECTED  MDRILL  IS  " 

«mdrill_toolassenibliGs  [select  ednidrill]->get_assGmblyId() 
«endl«endl ; 

float  cb  a  ®drill_tooiasseiablies  [selectedmdrill] ->get_ct)Diameter() 

if  (cb  >  0.5  ) 

cout«"call  the  module  itself  again! "«endl; 
if (!rule_l(l,  cb-0.3,  cb-0. 25, height ,  machine.name , 
machine ,  aMRV) )  ' 

i 

tool_types[tool_ids_index]  = 

mdrill_toolassemblies [selectedmdrill] ->get_assemblyName() ; 
tool.ids [tool_ids_index++]  = 
mdrill_toolassemblies [selectedmdrill] ->get  assemblyldf 

); 

Element_MRV  *e_mrv  *  new  Persistent 

Element _MRV(0,  "Tube_Elemental_MRV") ; 
e_mrv->set_dimension( 

mdrill_toolassemblies [selectedmdrill] ->get_cbDiameter () , 
mdrill_toolassemblies [selectedmdrill] ->get_cbDiameter() , 
height) ; 

aMRV->get_location(tmp) ; 
e_mrv->set_location(tmp[0] ,  tmp[l],  tmp[2]); 
aMRV->get_orientation(tmp) ; 
e_mrv->set_orientation(tmp[0] ,  tmp[l],  tmp[2]); 

if (flag  ==  0) 

{  ■  ■ 

e_mrv->set_rough_finish ("Finish") ; 
e_mrv->set_alloweLnce(0.0) ; 

}  ^ 


41 


else 

{ 


e_mrv->set_rough_f inish ("Rough") ; 

e_mrv->set_allowance( 

lookup.allowanceC'MDrill".  aMinStt,ck->get.aiai_sae.codeO)) 


E_mrvs .add(e_mrv) ; 


return  0; 


} 

else 

return  -1; 

} 

else 

{ 

cout«"call  centermdirll_mrv  rules"«endl;  ! 
if (!rule_0(l,  cb.cb,  machine.name,  machine,  aMRV)) 


fool-types Ctool_ids_index3  * 

mdrill_toolassemblies[selectedmdrill]->get_a^semblyName(); 

f ool_ids [tool_ids_index++3  = 

itidrill_toolassemblies[selectedmdrill]->get_assemblyId(); 

Element_MRV  ♦e.mrv  =  new  Persistent 

Element_MRV(0,  "Tube_Elemental_MRV") ; 
e_mrv->set_dimension( 

mdrill_toolassemblies [selectedmdrill] ->get_cbDiameter () , 
mdrill.toolassemblies [selectedmdrill] ->get_cbDiameter () , 
height) ; 

aMRV->get_location(tmp) ; 
e_mrv->set_location(tmp[0]  ,  tmp[l],  tmp[2]); 
aMRV->get_orientation(tmp) ; 
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e_mrv->set_orientation(tmp[0],  tmp[l],  tinp[2]); 


if (flag  ==0) 

{ 

e_mrv->set_rough_f inishC "Finish"); 

e_mrv->set_allowance (0 . 0) ; 

} 

else 

e_mrv->set_rough_finish("Rough") ; 

e_iiirv->set_allowajice  ( 

^  lootap.allowanceC'KDriU",  aMinStock->get.aisl.sae.coda()))  • 

I 

E_mrvs . add(e_mrv) ; 
return  0; 

} 

else 

return  -1; 


} 

}; 

return  0; 

} 


We  have  implemented  following  rule  sets  in  our  system: 

1.  rule  for  centerdrill-mrv  with  Mill-3 Axis/Mcenter  or  NCMill-3Axis/Mcenter 

2.  rule  for  centerdrill-n^v  with  Lighdutydrill/Dcente 

3.  rule  for  cylindrical-through-hole  Mill-3Axis/MDrill  or  NCMill-3Axis/MDrill 
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4.  rule  for  cylmdncal-through-hole  with  lightduty/DDrill 

6.  rule  for  cylindrical-through-hole  Mill-3Axis/MBore  or  NCMiIl-3Axis/MBore 

6.  rule  for  cylmdncal-through-hole  with  lightduty/DBore 

T.  rule  for  cylindrical-through-hole  Mill-SAxis/MReam  or  NCMill-SAxls/MReam 

8.  rule  for  cylmdncal-through-hole  with  lightduty/DReam 

9.  rule  for  cylindrical-through-hole  with  MILL-3Axi»/End  or  NCMill.3Axis/End 

10.  rule  for  cylindrical-blind-hole  with  MILI,-3Axis/End  or  NCMill-SAxis/End 

11.  rule  for  cylindrical-blind-hole  with  lightduty/DDrill 

12.  rule  for  cylindrical-blind-hole  Mill-3AxU/MBore  or  NCMill-3Axis/MBore 

13.  rule  for  cylindrical-blind-hole  Mill-SAxia/MReam  or  NCMill-SAxis/MReam 

14.  rule  for  cylmdrical-blind-hole  with  lightduty/DReam 

15.  rule  for  cylindrlcal-blind-hole  Mill-SAxis/MDrill  or  NCMill-SAxia/MDrlll 

16.  rule  for  rounded-cuboid-pocket  with  MILL-3Axis/End  or  NCMill-SAxir/End 

17.  rule  for  rounded-diamond-pocket  with  MILL-3Axis/End  or  NCMill-SAxis/End 

18.  rule  for  rounded-traperoid-pocket  with  MILL-3Axis/End  or  NCMill-3Axis/End 

19.  rule  for  regular-cuboid-pocket  with  EDM/Electrode 

20.  rule  for  rounded-cuboid-blind-slot  with  MILL-3Axis/End  or  NCMill-3Axis/End 

21.  rule  for  regular-cuboid-blind-slot  with  EDM/Electrode 

22.  rule  tor  regular-cuboid-lhru-slot  with  MILL-SAxis/End  or  NCMlll-SAxis/End 

23.  rule  for  regular-cuboid-thru-slot  with  MILL-3Axis/Side  or  NCMill-3Axis/Side 

24.  rule  for  regular-cuboid-thru-slot  with  SurfaceGrind/Grind 

25.  rule  for  regular-cuboid-thru-step  with  MILL-3Axis/Side  or  NCMill-3Axis/Side 

26.  rule  for  regular-cuboid-thru-step  with  MILL-3  Axis/End  or  NCMill-3  Axis/End 
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27.  rule  for  rectangular-siab  with  MILL-3Axis/Pace  or  NCMill-3Axis/Pace 

28.  rule  for  reclangular-slab  with  MILL-3Axi»/Ead  or  NCMill-SAxia/End 

29.  rule  for  rectangular-dab  rrith  MILL-3Axk/Peripheral  or  NCMill.3Axia/Peripharal 

30.  rule  for  rectangular-slab  with  BandSaw/Saw 


5.1.4  rules  for  machining  parameter  selection 


tvne  th  ““o-  fa  fabular  format.  Given  the  material 

type  the  cut  body  drameter  of  the  tool  aarembly.  the  provided  query  procedure  will  retrieve  the 

ma^mmg  parameters  for  the  caUer.  For  example,  Figure  9  is  speed  and  feed  parameter  selection 
table  lor  the  end  milling  operation. 

In  the  knowledge  base  we  have  implemented  the  following  tables: 


1.  End  Milling  Parameter  Table 

2.  Boring  Parameter  Table 

3.  Reaming  Parameter  Table 

4.  Drilling  Parameter  Table 

5.  Face  Milling  Parameter  Table 


5.2  The  Knowledge  Manager 

We  have  developed  a  knowledge  base  manager  with  graphical  user  interface  using  XVIEW 

UI(See  Figure  10).  On  the  background  of  the  main  window  is  displayed  a  FMT  which  name  is 

near  the  message  item  FMT  NAME.  You  can  change  the  currently  displayed  FMT  by  clicking 

the  button  -  >.  By  chcking  the  mouse  left  on  the  table  caU  you  can  add  or  delete  a  combo  on 
the  current  FMT. 
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Figure  9:  End  Milling  Machining  Parameter  Table 
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Figure  10:  Knowledge  Base  Manager  Interface 


47 


Appendix  H:  List  of  Related  Publications 


a.  Journal  papers 


1.  Chen,  C.,  and  Sanchez,  M.,  "Machining  Features  Extraction  from  a  Feature-based 
Product  Model,"  Journal  of  Intelligent  Manufacturing,  in  review  process. 

2.  Wu,  J.,  and  Chen,  C.,  "Object-oriented  Implementation  of  a  Feature  Modeling  System  for 
CADICAM  Integration,"  Computer  Aided  Design,  in  review  process. 

3.  Chen,  C.,  and  Sagarsee,  S.,  "A  Feature-based  Approach  to  Producibility  Evaluation  of 
Machined  Component  Designs,”  International  Jonmal  of  Computer  Integrated 
Manufacturing,  in  review  process. 

4.  Chen,  C.,  and  Wu,  J.,  "A  Hybrid  Feature  Modeling  Scheme  Supporting  Feature 
DeletionlUndoing  and  Extraction,”  Computer  and  Graphics,  in  review  process. 

5.  Chen,  C.,  and  Wu,  J.,  "Integrated  Surface  and  Volume  Feature  Modeling  Approach  to 
CADICAM  Systems  Integration,”  International  Journal  of  Integrated  Manufacturing 
Systems,  accepted  for  publication. 

6.  Chen,  C.,  Swift,  F.,  Lee,  S.,  Ege,  R.,  and  Shen,  Q.,  "Development  of  a  Feature-based  and 
Object-Oriented  Concurrent  Engineering  System,”  Journal  of  Intelligent  Manufacturing, 
1994,  Vol.5,  pp.23-31. 


b.  Book  chapters 

1.  Chen,  C.,  Chow,  J.,  Swift,  F.,  and  Lee,  S.,  "A  Concurrent  Design  Support  System  in 
Concurrent  Engineering,"  Concurrent  Engineering,  by  P.  Gu  and  A.  Kusiak  (eds),  Elsevier 
Science  Publisher  (North  Holland),  1993,  pp.235-245. 

2.  Chen,  C.,  and  Wu,  J.,  "Product  Modeling  and  Exchange,"  Concurrent  Engineering,  by  P. 
Gu  and  A.  Kusiak  (eds.),  Elsevier  Science  Publisher  (North  Holland),  1993,  pp.299-313. 


c.  Refereed  conference  proceedings 

1.  Chen,  C.,  "A  Framework  for  Concurrent  Process  Planning,"  Proceedings  of  the  Fourth 
International  Conference  on  Flexible  Automation  and  Information  Management, 
Blacksburg,  VA.,  May  9-12,  1994. 

2.  Chen,  C.,  and  Wu,  J.,  "A  Hybrid  CSGIBrep  Representation  Scheme  for  Feature 
Modeling,"  Proceedings  of  CSG’94  Set-Theoretic  Solid  Modeling:  Techniques  and 
Applications  Conference,  Winchester,  U.K.,  Apiil,  1994,  PP.291-303. 


HI 


